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ABSTRACT 
THE IMPACT OF MULTILAYER PERIODICITY ON TEXTURE, 
MORPHOLOGY, CHEMICAL STABILITY AND MACHINING PERFORMANCE 
OF TITANIUM ALUMINUM NITRIDE/CHROMIUM NITRIDE THIN FILMS 
By 
Dale A. Delisle, P.E. 
University of New Hampshire, September 2012 
Multilayer thin films of TiAIN/CrN were deposited at varying bilayer periods 
(A = 2, 4, 8 and 16 nm), along with a co-deposited (TiAICr)N film and constituent 
TiAIN and CrN films, on both [111] silicon substrates and WC-4wt% Co inserts 
with an ISO SPGN 120308 geometry. The effects of periodicity on grain 
structure, texture, surface morphology, and roughness were examined, with 
characterization performed using electron microscopy, atomic force microscopy 
and x-ray diffraction analysis. An in-air constant temperature oxidation study was 
also performed at 650 thru 1050°C with stacked XRD line profiles and SEM used 
to identify the onset and extent of oxidation, respectively. Finally, dry high speed 
flank wear tool life experiments were completed against A2 tool steel, with the 
impact of the multilayer period reported in ISO standard wear vs. cutting time 
format. Machining results were connected back to the previously identified 
changes in structure. 
All films exhibited a rocksalt B1-type structure with a columnar morphology 
and lateral coarsening during film growth; which was more pronounced in the 
xvi 
multilayer films with smaller bilayer periods. The surface morphology was found 
to be dependent on period; exhibiting sharp pyramidal surface features at A = 2 
nm and an increase in secondary faceting with increasing periodicity. Nearly 
rounded column tops result at A = 16 nm. Surface roughness measurements 
showed an increasing roughness with decreasing bilayer period and pole figures 
revealed a small [111] texture component perpendicular to the sample surface in 
the 2 and 4 nm period films, with the distribution of [111] poles becoming nearly 
random for the films with larger periodicities (8 and 16 nm). Preferential [200] 
poles begin approximately 15° tilted away from the substrate normal while further 
increase in period results in a decrease in the off axis angle. The effect of 
multilayer period on the surface morphology is explained using an energetic 
argument whereby the higher interfacial energy density in the smaller period 
multilayers promotes a higher degree of faceting at the film surface. 
Oxidation results are comparable for all multilayer films, where oxidation 
onset was delayed approximately 100°C over the TiAIN film. The co-deposited 
(TiAICr)N film performed comparably to the multilayer films with a similar oxidized 
morphology. The TiAIN exhibited large oxide "rosettes" and through thickness 
cracking and oxidation in the film. 
Machining results showed that a multilayer of greater than 2 nm is 
required for an effective coating, with the 4 nm film outperforming all multilayer 
and monolithic films due to increased oxidation resistance, hardness and a 
reduction in coating cracking and spalling. All films exhibited the three 
documented stages of wear: running in wear, steady state wear and dynamic 
xvii 
wear arid it was shown that the amount of carbide particles in the workpiece 





As evidenced by the combined 250+ references listed in the review papers 
written by PalDey et. al.[1] and Hultman[2]; numerous publications have been 
written on the topic of thin hard coatings of transition metal nitrides. This is due, 
in part, to the vast number of industries employing hard coatings for applications 
such as microelectronic diffusion barriers, decorative and cosmetic coatings, 
corrosion and abrasive resistant optical coatings and wear resistant coatings for 
use in cutting tools and other mechanical components.[13] In tooling 
applications, thin hard tool and machine part coatings deposited by physical 
vapor deposition (PVD) methods have been shown to reduce wear and increase 
tool life through decreased friction, increased thermal stability and chemical 
inertness, improved strength and toughness, and enhanced hardness.'1,4"51 All of 
these features translate directly into a reduction in tooling costs, propagating 
further to a decrease in cost to the consumer for all products manufactured by 
these processes. 
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Over the last decade opposing environmental and commercial interests 
have combined to lead researchers in the direction of dry high-speed machining. 
Environmental interests, promoting a decrease in hazardous by-products used in 
machining, have resulted in the development of "green" manufacturing and 
machining processes, while the benefits of higher material removal rates, 
reduction in lead times and increased workpiece precision have fueled 
commercial interests in high-speed machining.11,6"71 As a direct result cutting tool 
temperatures have increased significantly and in a natural progression has led to 
multiple coating developments and improvements. 
TiN orTiC, the first generation of these coatings, circa 1970, enhanced 
the performance of uncoated high-speed steel (HSS) inserts by means of higher 
hot hardness, oxidation resistance and resistance to diffusion wear (often 
discussed in terms of "affinity", or solid solubility). However, since tool bit 
temperatures can experience ~ 1000°C, dependent on machining parameters 
and machined material, and tool insert cutting edge temperatures in coated 
cutting tools have been reported in excess of 1000°C, TiN and TiC are therefore 
limited in application. TiN is limited by an oxidation temperature that is well 
below this limit (approximately 600°C), and TiC, as it receives a great deal of 
benefit from an as deposited strained lattice, consequently has a relatively low 
hot hardness. A second generation of ternary systems, such as TiAIN, were 
developed in the 1980's. The TiAIN system was reported to have increased 
oxidation and abrasion resistance resulting from the addition of Al. However, 
further coating developments have led to the most recent tooling generation: 
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multicomponent nanostructured multilayer and superlattice films such as 
TiAIN/CrN. These systems have already demonstrated substantially higher 
hardness and oxidation resistance than their constituent component layers, 
resulting in even longer tool life.[1,5-8-121 As a measure of this, and a method to 
characterize and compare coating improvements, tool wear is often plotted 
against cutting time or length of cut.[4"5,13"14] The extent of this practice has been 
accredited with the publication of an international standard, "Tool-life Testing with 
Single-Point Turning Tools", ISO 3685, written to increase reliability and 
comparability of both commercial and laboratory testing.'151 
1.2 MOTIVATIONS 
The current research presented in this thesis is an extension of the 
decades of discovery in thin hard coatings of transition metal nitrides, focusing on 
the recent developments in multicomponent nanostructured multilayer and 
superlattice thin film system of TiAIN/CrN. It is believed that by characterizing 
and understanding the impact of periodicity of TiAIN/CrN multilayers on tooling 
performance, an optimized periodicity can be determined. This would in turn 
minimize tooling wear and reduce tooling cost and environmental impact of 
tooling operations. Though the tools and techniques to classify this performance 
are mature, a gap between the tooling performance, measured by tool wear 
plotted against cutting time or length, and the structural and chemical 
characterization of the individual coatings, still exists. This is especially true for 
the TiAIN/CrN system. Therefore a thorough scientific study of this system is 
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necessary and essential. It is believed that this information can then be 
extrapolated to other multilayer systems currently being developed, and the 
improvement propagated. 
1.3 OBJECTIVE/APPROACH 
The primary objective of this research was to quantify the impact of 
TiAIN/CrN multilayers with varying periodicity on tooling performance. This was 
accomplished in a controlled and experimentally progressive manner. 
First, multilayers of alternating TiAIN and CrN layers were deposited on 
silicon substrates with repeating A = 2, 4, 8 and 16 nm periods, where the 
measure of a period is the height of one combined layer of both TiAIN and CrN. 
The impact of periodicity was then investigated on composition, morphology and 
texture, as well as in comparison to a co-deposited (TiAICr)N thin film and the 
individually deposited constituent films of TiAIN and CrN. These films were 
characterized by X-ray Photoelectron Spectroscopy (XPS), X-ray Diffraction 
(XRD), Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray 
(EDS/EDX), Transmission Electron Microscopy (TEM) and Atomic Force 
Microscopy (AFM) for composition, morphology and structure, with hardness 
identified through nanoindentation techniques. Secondly, the tooling 
performance was examined through machining of these films deposited on 
carbide indexable inserts (WC-4wt% Co alloy composition and an ISO SPGN 
120308 geometry) while run dry, at high speeds, on a CNC lathe against A2 tool 
steel per ISO 3685 (E) standards. Flank wear vs. cutting time was captured, with 
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tooling phenomena linked back to the previously characterized as-deposited 
films. Finally, the chemical stability of these films were examined through 
oxidation at various steady state temperatures in a hot wall furnace, examining 
the resulting depth of oxidation and surface morphology, comparing these results 
to the as-deposited structure and morphology as well as the tooling experiment 
phenomena. 
1.4 OUTLINE 
The following section provides a brief description of the layout of this 
thesis and a brief description of each chapter. 
Chapter 1. INTRODUCTION 
This chapter provides background on thin film coating history and 
development and provides motivation for the all of the work presented in this text. 
The objectives for this research are also discussed. 
Chapter 2. LITERATURE REVIEW 
The information provided in this chapter contains a thorough and timely 
review of all publications related to the work discussed in this text. The focus of 
the review is on the three major phenomena believed to be necessary to perform 
the current research; structure, thermal stability and tooling performance. 
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Chapter 3. EXPERIMENTAL 
This chapter lays out the processes and set-up used to generate the 
resulting data contained within this text. Discussion is presented on the 
motivation of the chosen techniques as well as validation of these techniques to 
provide reliable information when applied in the manner in which they were used. 
Chapter 4. RESULTS AND DISCUSSION 
Detailed discussion is offered on all of the presented tables, graphs and 
micrographs containing the resulting data from the experiments performed in this 
research. References and comparisons are made to previous work, and 
differences discussed. Specifically, the resulting multilayer composition is 
quantified, the structure, morphology, microstructure and texture are identified 
(with the overall impact of multilayer period clarified), and the resulting impact on 
oxidation and tooling performance determined. 
Chapter 5. CONCLUSIONS AND FUTURE WORK 
Conclusions are drawn on the current work and presented in summary. 
Future work is discussed in directions that would further develop understanding 




2.1 DEPOSITION TECHNIQUES AND PARAMETERS 
In the last decade various techniques have been documented and 
discussed as valid methods to deposit singular, co-deposited and multilayer thin 
films. These deposition methods have been applied to a wide variety of 
substrates, ranging from optical glass to semiconductor devices to metals for 
medical devices and carbide tool inserts for machining. The most prevalent 
deposition techniques discussed in current literature with regards to the TiAIN 
and CrN (the current work of interest) are the physical vapor deposition (PVD) 
techniques of magnetron sputtering (including sputter ion plating), cathodic arc 
vapor (plasma or arc ion plating) deposition (CAD), and a hybrid technique that 
possesses both processes, Arc Bond Sputter (ABS), paralleling their popularity.[1] 
These techniques are typically characterized by the method in which metal atoms 
are freed from the target surface. The cathodic arc method achieves the 
liberation of atoms by the addition of intense heat to the source to be evaporated. 
This is accomplished with the rapid movement of a high-energy arc that ablates 
atoms from the target surface. In comparison, the magnetron sputtering process 
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is a far more "mechanical" one.t1] In the sputtering method a negative self-bias, 
resulting from the increased mobility of the target electrons over ions in an 
energetically excited target, frees electrons from the surface of the target. The 
free electrons function to ionize the inert Ar gas, introduced in a controlled 
manner to the deposition chamber, to an Ar+ plasma; resulting in the now 
positively charged ions being drawn to the negatively biased target surface. 
Metal alloy ions and neutrals are ejected as a result of the subsequent energetic 
collision and the exchange of momentum of the Ar+ ions with the atoms on the 
surface of the target.1161 
In contrast of these two techniques, the depositions rates resulting from 
magnetron sputtering are dwarfed by that of the cathodic arc process. This is 
measured in a direct relationship of the rate at which atoms are freed from the 
surface. In addition to increased deposition rates, the benefit of increased 
energy of the atoms/ions ejected from the target in CAD (consequential to a large 
number of freed atoms), is twofold. First, the increased atomic energy at the 
surface of the substrate increases the density of the film. Second, the increased 
ion bombardment of substrate surface has been shown to both etch the surface 
as well as increase atomic roughness, resulting in increased film adhesion. 
However, CAD is not without its drawbacks. The subsequent rapid evaporation 
that ensues at the target surface results in non-ionized or incompletely ionized 
atoms arriving at the substrate surface. Often these excess atoms can coalesce 
in route and form macro particles, which in turn deposit on the substrate surface, 
leaving a dull rough appearance. This is particularly undesirable to the 
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decorative coating and electronics industry. However, improvements such as 
"enhanced arc", and various filtering techniques, allow CAD to remain useful and 
suitable to deposit high quality coatings.'11 
Reports of researchers currently applying CAD to deposit TiAIN/CrN 
multilayers are Chang et al. (20051171, 2009[18] and 2011[191), Chang et al. 
(2007)1201 and Sun (2010)[21]. In the work of Chang et al.[17"19] depositions of 
graded TiAIN, as well as multilayer TiAIN/CrN and its independently deposited 
constituents (TiAIN, CrN), were applied to polished silicon and SKH-51 
substrates by enhanced duct CAD. In these depositions the reactive N2 and Ar 
gas were piped into the chamber through a duct that fully encompasses the 
target, while the substrates were placed on a rotational table between 18 and 25 
cm away. The purpose of the ducted gas flow is to enhance plasma reaction and 
combined with the increased sample distance reduces droplet contamination of 
the substrate surface. The table rpm was varied for the multilayer deposition and 
ranged from 1.5 to 5 rpm resulting in 7 - 18 nm multilayer periods in the various 
experiments. Target composition varied (Alo.67Tio.33 to AI0.50Ti0.50) as did substrate 
temperatures (200 - 300°C). A -80 V bias was applied to each experiment. Total 
coating thickness was reported at 1.3 to 1.8 pm. Both the structural and 
mechanical properties of these samples, as well as the oxidation resistance, 
were examined in this work.[17"19] Chang et al.I20] also deposited TiAIN/CrN 
multilayers on SKH51 by CAD. Although Chang et. al.[1719] did not report any 
pre-deposition etch of their substrates, Chang1201 specifically states that prior to 
deposition a 1 minute long Ar glow discharge etch, with a substrate bias of -
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1000V, was performed on the substrates, which were kept a distance of 25 cm 
from the target face. However, unlike the previous publications, the reactive N2 
gas (pressure 2 Pa) was ducted straight into the chamber. Though the means 
appear somewhat different, it appears that both were cognizant of droplet 
formation preventative techniques. Chang[20] used a Tio.50Alo.50 and Cr target with 
the substrates mounted on a rotating table, varying the rpm for resulting 
multilayer periods of 6 - 66 nm. Studies were performed to determine hardness, 
adhesion, residual stress and friction coefficient, all with a focus on predicting a 
tool coating performance (although no conclusion was made in that regard).1201 
Finally, Sun et al.[21] deposited Ti0.50AI0.50N/CrN multilayers on 403 stainless steel 
by way of CAD. Prior to deposition Sun bombarded each sample with Ar+ ions 
for three minutes while the substrates were held to a -600 V bias. Deposition 
parameters consisted of a -150 V bias and ~275°C substrate temperature, 
rotating at 2, 3 and 4 rpm to vary multilayer thickness which resulted in 13, 9 and 
7 nm periods, respectively. (Concluding that the higher the rpm the lower the 
multilayer modulation period.) The total film thickness was measured at 1.7 and 
2 pm, resulting in calculated deposition rates of 28 and 33 nm/min. Sun studied 
microhardness, friction coefficients and crevice corrosion (via weight loss), with 
an intended outcome to predict tooling performance.1211 
With regards to magnetron sputtering, in addition to the lower relative 
deposition rate in comparison to CAD, deposition of sputtered TiAIN (or any 
nitride for that matter) can lead to "poisoning" of the target surface. Poisoning is 
described as an excess of N2 and a low ionization rate which allows for nitrogen 
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to adsorb or nitride the target.113 This is of obvious relevance as the focus of the 
current work described in this thesis is the deposition of TiAIN/CrN multilayers by 
magnetron sputtering, requiring both a Cr and TiAl target and a flow of nitrogen 
introduced to the chamber. However, this is less of a concern as RF magnetron 
sputtering, described as a high ionization method, is applied which increases 
deposition rates by an order of magnitude and minimizing the possibility of target 
poisoning.111 In addition to the deposition technique chosen, it has been found 
that various parameters have influence over the final structure and composition 
of the sputtered films. PalDey[13 reports that in magnetron sputtering the power 
density and partial pressures of inert and reactive gases introduced during 
sputtering are the most influential parameters. However, PalDey goes on to 
state that substrate temperature and bias, the relative amounts of metals in 
deposited ternary systems and predeposited adhesion layers have also been 
found to influence the film's final properties.'15 While the findings reported by 
PalDey relate directly to TiAIN and not CrN or TiAIN/CrN multilayer depositions, it 
is not expected that these results would vary widely. 
Several publications have been released in the last decade on successful 
magnetron sputter depositions of TiAIN/CrN multilayers. These include Barshilia 
et al. (2005)[11], Panjan et al. (2007)[22] and (2008)[23], Park et al. (2009)1241 and 
Choi et al. (2011)[25]. In the work of Barshilia et al.[11], TiAIN/CrN multilayers, as 
well as the independent TiAIN and CrN films, were deposited on Si (111) 
substrates by reactive dc magnetron sputtering. Periodicities of the multilayers 
varied from A = 2.8 to 8 nm. In preparation for deposition Barshilia et al.[11] 
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reported target "cleaning" wattages of 225W and 100W for the TiAl and Cr 
targets, respectively. Though these values are specifically listed for target 
cleaning, and Barshilia is silent with regard to film deposition temperatures, these 
values appear reasonable for the reported deposition rates of .2 nm/s. (This 
conclusion is made based on the slightly lower TiAl deposition rates in the 
current work at 180W and an approximate 2:1 Cr/TiAl deposition ratio, also 
experienced in the current work.) Prior to deposition the substrates were 
bombarded with Ar+ ions for 30 minutes while the substrate was held at a -850 V 
bias. Sequentially, a large 0.5 pm Cr bond layer followed that constituted % the 
total film thickness in some cases. Multilayer deposition parameters were 
reported as a substrate DC bias of -200V, a substrate temperature of 300°C, and 
a working pressure of .1 Pa. Flow rates of Nitrogen (2.5 seem) and Argon (17 
seem) were also reported. Barshilia et al.t11] studied the impact of N2 flow rate 
and Al/Ti ratio to determine initial parameters, then reviewed texture, hardness, 
roughness and thermal stability of the multilayer films (details discussed 
below).1113 In comparison, Panjan et al.[23] also deposited TiAIN/CrN multilayers 
on AISI D2 steel discs (in one study) and cemented carbide (in another) at 
periods ranging from ~10 to 80 nm, deposited with a CC800 (CemeCon) 
sputtering system. The deposition periods were achieved in the first study by 
ramping the two 50:50 TiAl targets at a rate of 200 W/min until a final level of 8 
kW was achieved, while the two Cr targets were ramped at a rate of 300 W/min 
until a final level of 3 kW. In the second study Panjan et al.[23] reported the gun 
powers were held at 8 and 3 KW, respectively. Prior to deposition, the 
12 
substrates were ion etched for 85 minutes at an RF power of 2KW. Gases were 
introduced into the chamber at flow rates of Ar and N2 at 140 seem and Kr at 80 
seem, while the targets moved around the chamber in a two-fold planetary 
rotation. Panjan reported a substrate temperature of 450°C and a substrate DC 
bias of -100V, in both studies, with film thicknesses reported at ~5 pm were 
achieved after 135 minutes of deposition. Panjan et al. studied the effect of 
rotation on stoichiometry and columnar structure and grains at the atomic 
level.'22"231 Park et al.[24] also deposited TiAIN/CrN multilayers on M2 high speed 
steel by DC magnetron sputtering. Prior to deposition an Ar+ ion bombardment 
was accomplished with a -500 V bias to remove any contaminants that may have 
remained on the surface. Park applied a 100 nm Cr adhesion layer before 
deposition in a 1 Pa Ar (60 vol%) and N2 (40 vol%) environment. The multilayer 
was deposited with a -150 V substrate bias held at a 300°C. The periodicity of 
the multilayers was between 2 and 10 nm. Park studied the effect of Al content 
on hardness for various multilayer periods.[24] Finally, Choi et al. sputter 
deposited - 2 pm thick 9 nm period Tio 75AI0.25 and Cr multilayers on M2 high 
speed steel substrates on a rotating substrate holder. Though little information is 
supplied on deposition parameters, Choi states that - 100 nm layers of TiAIN and 
CrN were deposited on the substrate prior to deposition. These samples were 
heated in an inert gas to differentiate between the effects of heating and 
oxidation on nanolayer dissolution.1251 
Though the cathodic arc and magnetron sputter processes have gone 
through several improvements, described above, the ABS PVD technique (a 
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combination of both deposition techniques) gains the benefits from a high 
adhesion dense structure while maintaining a relatively macro droplet free 
smooth surface.111 The combination of sputtering to the cathodic arc process has 
had numerable successes in the deposition of TiAIN/CrN multilayers, including 
Wadsworth et al. (1997)[121, Luo et al. (two in 1999)110,26] and Lembke et al. 
(2000)t27]. In all four of these publications a commercial HTC 1000-ABS system 
was used. The system's volume is massive, with an approximate 1 m3 volume, 
and contains four 600 x 190 x 12 mm targets (three cast TiAl and one pressed Cr 
target) that can be excited in steered arc or magnetron sputtering modes. A 
typical substrate deposition bias of -75 V DC and substrate temperature of 450°C 
were repeatedly employed, with substrate material varying from 304 stainless 
steel, M2 high speed steel and cemented carbide. The substrates were loaded 
onto a three axis planetary rotation turntable on the order of 250 mm from the 
targets. Prior to deposition, the substrates were Cr ion etched in the steered arc 
mode while a large -1.2 kV bias was applied. This technique was said to 
minimize droplet formation. Argon flow into the chamber was held at 
approximately 200 seem, while nitrogen was controlled by maintaining the total 
deposition pressure at approximately .3 Pa. The substrates were then coated 
with a ~.2 pm TiAIN bond layer before the TiAIN/CrN multilayers were deposited 
at gun wattages from 2 to 12 KW, with the varying gun wattage on the Cr target 
controlling the multilayer periodicity through the relative thickness of the CrN 
layer. The film total thickness was on the order of 3 - 3.5 pm with the samples 
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studied for localized oxidation effects, thermal stability, oxidation resistance and 
tribological impact.110'12' 26'27] 
2.2 FILM CHARACTERIZATION AND RESULTS 
A variety of techniques are routinely applied to both quantify and 
characterize thin films compositions. These include x-ray diffraction (XRD) 
(including Low Angle X-Ray Diffraction (LAXRD)), scanning electron microscopy 
(SEM) (including field emission scanning electron microscopy (FESEM)), energy 
dispersive x-ray spectroscopy (EDS or EDX), x-ray photoelectron spectroscopy 
(XPS), transmission electron microscopy (TEM) (which can be done in either 
planar or cross-section modes), high resolution TEM (HRTEM), scanning 
transmission electron microscopy (STEM), selected area electron diffraction 
(SAED), Nanoindentation, and Atomic Force Microscopy (AFM). The 
fundamentals of these characterization methods and their applications to nitride-
based hard coatings, particularly the TiAIN/CrN system, are reviewed below. 
2.2.1 XRD 
X-ray diffraction results are published in almost every scholarly article 
referenced in this thesis. This multipurpose tool has been used for quantification 
of composition, periodicity, texture and grain size. When x-rays interact with 
atoms they are known to excite the struck electrons at the same frequency as the 
impinging x-ray. These excited atoms, now vibrating electrical charges, reradiate 
x-rays in all directions, hence to scatter them, with no change in the original 
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frequency of the impacting x-ray. When the atoms are organized in a particular 
structure, the scattered x-rays will interfere with each other, and in the very 
restrictive cases as those described in Bragg's law 
A = 2 * d* sinO Equation# 2.11281 
the interference will be positive and the x-ray signal intensity enhanced. Where A 
is the incident x-ray wavelength, d is the interplanar spacing and 0 is the angle of 
incidence or reflection of the x-ray. In crystal structures that align themselves 
into symmetrical arrays of atoms consisting of rows and planes, the high atomic 
density planes act as three-dimensional diffraction gratings.[28] 
The complimentary system to the x-ray emitter, or source, is the 
associated x-ray detector. These detectors are designed to emit an electrical 
charge when making contact with an x-ray. The number of charges can then be 
counted and displayed in an arbitrary count per second (cps) vs. diffraction 
angle, where the cps is directly proportional to the x-ray intensity, and the 
diffraction angle is customarily reported in 20. As the intensity is a function of the 
aforementioned interference, a combination of a known impinging x-ray 
wavelength, diffraction angle, and possible positively interfering crystal planes, 
results in both quantitative and qualitative chemical analysis.[16,28'29] 
A typical application of x-ray diffraction is presented below in Figure 2. 1, 
showing various scans presented in Barshilia et al.[11]. With these published 
figures Barshilia analyzes the texture, interplanar spacing, film composition, 
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Figure 2.1 Various X-ray Diffraction Line Profiles Presented by Barshiiia et al in] 
crystal structure, grain size, multilayer periodicity and finally the oxidation 
temperatures of the TiAIN/CrN samples deposited in his work. The texture and 
the interplanar spacing are determined by Figure 2.1(a), representing XRD 
patterns for TiAIN, CrN, TiN and a 5.6 nm period TiAIN/CrN multilayer. The 
texture is suggested by a simple comparison of the (111) TiAIN/CrN primary 
reflection (PR) vs. the (200) peak, noting the relative magnitude of the (111) peak 
as compared to the others. With the XRD patterns, combined with Bragg's law, 
Barshiiia concludes the d-spacing of the principal reflection of the as deposited 
5.6 nm period TiAIN/CrN multilayer to be 0.24385 nm. A value reported as 
between that of the TiAIN (0.24643 nm) and CrN (0.24070 nm) interplanar 
spacing values. In addition, the film composition is inferred by a comparison of 
the line profile to a known data base of patterns, maintained by the Joint 
Committee on Powder Diffraction Standards (JCPDS), and are measured against 
standards of various elements and compounds which provide information such 
as the known diffraction angles and the peak hkl plane indices associated with 
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the diffraction angle. An example of a Powder Diffraction File (PDF) would be 
the # 11-0065 card known as CrN (Carlsbergite, synthesized). Therefore, by 
comparison, Barshilia et al.[11] is able to report a CrN (111) peak present in the 
film. Barshilia is also able to verify the presence of various modulations and 
grain sizes with Figure 2.1(b). Barshilia concludes that the multilayers have a 
grain size of ~14 nm, while TiAIN has a grain size of ~19 nm and CrN a grain 
size of ~28 nm. This is concluded through the application of the Scherrer 
equation (Cullity[29]), as shown below in equation 2.2 
t  = \ /(B * cos(6B )) Equation #2.2[29) 
where B is taken as the measurement of the Full-Width at Half-Maximum 
(FWHM) of the XRD curve, and 0b is the angle aligned with the peak of the same 
curve, A is the wavelength of the incident x-ray and t is the resulting average 
diameter of the crystallite size. Barshilia's XRD patterns also reveal the 
existence of secondary reflections in this same figure. Cullity[291 further explains 
that secondary reflections, known as "superlattice lines", result in systems where 
ordered planes of different scattering power exist; and by their presence in a 
XRD line scan suggest long range ordering of compositional modulations in the 
sample. Barshilia therefore determines a superlattice structure exists in the 
multilayer samples and goes on to explain that the absence of the negative 
satellites is due to variances in scattering powers between Ti, Al, and Cr. 
Finally, with Figure 2. 1(c) the oxidation temperature is also evaluated for the 5.6 
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nm multilayer period. In this experiment Barshilia heats the sample at a rate of 
3°C/min until the temperature specified in the figure (500 thru 900°C), holds this 
temperature for 30 minutes and then cools at the same 3°C/min. When oxide 
species are identified in the line scan, again by PDF library comparison, oxidation 
is said to have occurred. However, these are just a few of the uses of x-ray 
diffraction. Park et al.[24) applies what is known as Low Angle X-ray Diffraction 
(LAXRD) to not only verify the presence of TiAIN/CrN multilayers, but to quantify 
the thickness of the period. In these experiments Bragg's law is modified to 
replace d-spacing with the period of the multilayer, Am: 
X -  2 * Xm  * sind Equation# 2.3t28] 
and therefore peaks of just a few degrees are predicted for the multilayer periods 
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Figure 2.2 Low-Angle X-ray Diffraction Line Profiles for Ti^Alx/CrN Multilayer Films1241 
2.2.2 SEM 
According to Ohring[161, the scanning electron microscope "is perhaps the 
most widely employed thin-film and coating characterization instrument." In the 
SEM process electrons emitted from a tungsten or LaB6 filament are focused to a 
spot on the order of magnitude of 5 nm and directed towards the sample surface 
through a series of condenser lenses. Scanning coils are then employed to 
deflect the beam in a "raster fashion" across the sample surface.^61 Reed-Hill[28] 
states that the "raster" in a typical SEM is accomplished by single scan line in 
which the detector measures the strength of the emission as the scan increments 
across the surface. The emission strength in turn controls the brightness of the 
Cathode Ray Tube (CRT), which is the output media used for viewing the scan. 
At the completion of a single line scan the CRT is turned off and the scan begins 
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again one line below the origin, much like a typewriter. Reed-Hill goes on to 
state that the typical scan of 1000 lines is used to create a 10 x 10 cm area.[28] 
However, magnification is achieved by reducing the size of the raster area, for 
instance a 1 cm2 area has 10 times the magnification of a 10 cm2. The result of 
the interaction of the high energy beam electrons with the sample is a 
combination of inelastic collisions (primary electron collisions) and elastic 
collisions (continuous random scattering events) that combine to fill a tear drop 
shaped volume in the sample approximately 1 (jm deep.1161 The secondary 
electrons, the lowest emitted energy distribution electrons, result from the 
incident beam freeing loosely bound conduction band electrons. These electrons 
are then used for imaging purposes. Though the secondary electron reactions 
take place at all depths of the 1 pm deep volume; imaging results from the 
shallow inelastic interactions occurring in approximately the upper 0.1% of the full 
tear drop depth. This is due primarily to the low energy of the electrons and the 
inability of these electrons to escape to the surface at the deeper depths. The 
three dimensional contrast images resulting from the freed secondary electrons, 
typically referred to as Secondary Electron Imaging (SEI), are created through a 
measure of increased emission caused by slopping surfaces. Brighter surfaces 
result from angled surfaces, as well as from the difference in emission from 
surfaces facing the detector vs. surfaces facing away from the detector. 
Back scattered electrons, on the other hand, are high energy electrons 
elastically scattered with approximately the same energy as the incident 
electrons. As the probability of backscattering is a weak function of the atomic 
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number Z, imaging by this technique provides little topographical contrast. 
However, Backscattered Electron Imaging (BEI) can be used in regions of 
varying Z values to provide valuable 2-D brightness contrast.116,281 
SEM is often chosen, as it was in this study, over standard optical 
microscopy as the magnification for standard microscope is limited to just one or 
two thousand times the actual image size; where images provided in this work, 
taken by SEM, are at twenty five and fifty thousand times magnification. Reed-
Hill1281 reports 50 kx as a limiting value. In addition, SEM has a large depth of 
field, allowing for three dimensional images to be produced. Reed-Hill states that 
the depth of field is approximately 300 times that of an optical microscope.[16,28] 
An example of a FESEM image is shown below in Figure 2. 3. The primary 
difference between SEM and FESEM is that the latter has narrower probe 
"spots", on the order of 1 nm, versus the SEM standard 5 nm spot size discussed 
earlier, yet maintains a high beam current. In Figure 2. 3 Chang[17] shows a 
comparison of cross-sectional BEI and SEI imaging of an 18 nm period 
TiAIN/CrN multilayer. The sample was deposited on SKH-51 tool steel, at 2 RPM 
in a cathodic arc deposition system, and is 1.8 pm thick. As seen in the top 
portion of the figure, labeled SEI, the secondary electrons provide a three 
dimensional contrast showing the dense disrupted columnar structure that Chang 
reports is typical of a Zone T classification as reported by Thornton et al.117,301 
The lower portion of the figure, labeled BEI, provides an excellent contrast 
between the TiAIN and CrN layers to provide visual evidence of the 18 nm 
multilayer period.1301 In addition, in a later 2011 publication1191, Chang was able to 
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Figure 2.3 Y.Y. Chang et al Secondary and Backscattered Electron SEM Micrograph of 
TiAIN/CrNt17] 
visually confirm oxidation in Alo 63Tio.37N/CrN multilayer films by SEM, see Figure 
2. 4, where these samples were heated at temperatures from 700 - 1000°C in air 
in a tube furnace. These samples were placed in the furnace at room 
temperature and heated at 5°C/min until the desired temperature was reached. 
The samples were then held for a 2 hour dwell time and cooled back down at the 
same 5°C/min rate. Again, the SEI shows strong three dimensional imaging 
while the BEI shows a 2-D contrast of species due to differences in 
backscattering. From this figure Chang concludes that there was no obvious 
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Figure 2.4 Cross-Sectional Secondary Electron (figures on left) and Backscattered 
Electron FESEM Images (figures on right) of Multilayered Alo.g3Tio.37N/CrN Showing the 
Onset of Oxidation^93 
2.2.3 EDS/EDX and XPS 
The Energy Dispersive X-Ray Spectroscopy (EDS or EDX) system is 
typically linked with an SEM. In EDX, the electron beam in the SEM is used to 
excite and free electrons through inelastic collisions with electrons from the 
sample atom's inner shells. Under the right conditions the resulting impact will 
free the inner shell electron, leaving a vacancy in that shell. As the atom acts to 
lower its energy, electrons from the outer atomic shell move to fill the vacancy in 
the inner shell, and in this action, release a characteristic x-ray with a unique 
wavelength for each shell transition correlated to each atom on the periodic table. 
Transitions from the L to K shell produce Ka x-rays, while those from M to K shell 
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produce La x-rays, and so forth. However, the Ka x-ray for titanium would be 
different than the Ka x-ray for chromium, described by the relationship shown in 
equation 2.4 
EKcc = Ek- Ei = hc/Xk a  Equaiton #2.4 [16] 
where Ek - Ei is the energy delta of the K and L shells, h is Plank's constant, c is 
the speed of light and Aka is the characteristic x-ray wavelength.[16] 
In contrast, X-ray Photoelectron Spectroscopy (XPS) is an analysis 
technique that allows for the physical and chemical identification of the surface 
composition through photoemission.[31] In the XPS technique the element 
composition is identified by the actual freed inner shell electron vs. the 
characteristic x-ray discussed above. The freed electron result from the 
bombardment of the sample surface with MgKa x-rays in an Ultra High Vacuum 
(UHV) environment, ~10"7 Pa. The consequence of the impinging x-ray photon 
energy (hv) is the liberation of electrons with a measurable kinetic energy (Ek) 
consistent with the binding energy (Eb) of the electron as described by the 
relationship in equation 2.5 
Eb  = hv -  E k -  W Equation #2.5 (31) 
as presented in the text An Introduction to Surface Analysis by XPS and AES, 
written by Watt and Wolstenholme.[311; where W is the spectrometer work 
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function. The binding energy, unique to the orbital and parent element, is output 
in an XPS spectra and can be used to identify the material.1311 Figure 2. 5 shows 
a typical XPS spectrum for a TiAIN sample deposited in this study. Ti, AI, O and 
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Figure 2. 5 Typical XPS Spectra for the TiAIN Deposited in this study 
N elements can be seen with bands tightly outlining the binding energy for 
quantification of the spectra. As stated above, the EDX has a penetration depth 
of approximately 1 pm, whereas XPS technique is surface limited, penetrating 
~1.5 nm. Therefore, EDX is considered to be an average composition value, 
while XPS is a surface value. In addition, EDX is reported to have poor results in 
detecting elements with an atomic number Z < 12, ruling out effective 
quantification of carbon, nitrogen and oxygen, while XPS is more capable of 
detecting all elements in addition to providing information on the nature of the 
chemical bond, where EDX is not.[16] Both techniques are said to have a range of 
detection from ~1 to 1 at. %.[161 Figure 2. 6 shows an EDS line profile of the 
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same film deposited by Chang Y.Y., shown in Figure 2. 4, after oxidation in air at 
1000°C for 1 hour. Chang concludes from this figure the presence of an oxide 
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Figure 2. 6 - EDS Depth Profile of Multiiayered Alo.e3Tio.37N/CrN after Oxidation of 2 Hours 
in Airat1000°CT191 
2.2.4 TEM 
Transmission electron microscopy images are generated by accelerating 
thermionically emitted electrons, from an electron gun, at a potential of several 
hundred thousand volts (in the case of this study 200 kV) and directing them onto 
a sample surface. If the sample is thin enough, on the order of a hundred 
nanometers, electrons may either transmit directly through the matrix of the 
sample unimpeded or interact both elastically (with the potential field of the 
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sample ion cores) or inelastically (with electrons at imperfections in the sample 
matrix). In bright-field TEM the unimpeded emerging primary electrons are 
isolated from the diffracting electrons by means of an appropriately sized 
aperture on the back focal plane of the objective lens. Upon emerging they are 
then magnified through a system of lenses and apertures until projected on a 
viewing screen, where imperfections in the specimen appear as dark areas in the 
image. In dark field TEM electrons diffracting from a chosen crystallographic 
plane are used to produce a similar image, with voids and imperfections now 
represented by lighter areas. In both cases density disparities in materials can 
be perceived as a variation in contrast of the projected image resulting from 
differences in the amount of electrons, diffracted or otherwise, that have passed 
through the sample. This phenomenon functions nicely for visual identify of 
nanostructured multilayers, for instance. The resolution of a TEM is related to 
the wavelengths used in the process, as described by the de Broglie equation 
X = h /  yj2 * m * q * V Equation #2.6[16] 
where A is the impinging wavelength, h is Planck's constant, m and q are the 
electron mass and charge, respectively, and V is the potential difference used to 
accelerate the electrons. It is obvious from the above equation that the electron 
wavelength is inversely proportional to the square root of the potential in which it 
is accelerated. Therefore, the greater the accelerating potential results in the 
smaller the wavelength and the greater possible resolution of the specimen. A 
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potential of 200 kV, used in this study, has a calculated wavelength of 
approximately 0.0027 nm.[16,28] High Resolution Transmission Electron 
Microscopy (HRTEM) is not significantly different than TEM, but results from 
enhanced systems with higher voltage electron sources and better lenses and 
system controls, providing enhanced images at the atomic scale of just a few 
angstroms. 
Other possible uses of the TEM setup are localized diffraction patterns 
and chemical analysis. Selected Area Electron Diffraction (SAED) occurs in 
much the same way as XRD, using the wave-like properties of the impinging 
electrons vs. x-rays. This allows for diffraction patterns to originate from areas 
on the order of a few hundred nanometers vs. the several centimeter area of a 
typical XRD. In Scanning Transmission Electron Microscopy (STEM), x-rays are 
captured resulting from inelastic collisions of the incident beam and the electrons 
of the inner core of the sample in much the same way as EDX, described above, 
but focused on a much smaller area. Where a typical SEM/EDX may be able to 
focus the electron beam on the order of ~5 nm, a diffraction pattern may be 
captured on the order of 2-3 nm in diameter. And instead of a penetration depth 
of ~ 1 um in the SEM/EDX, the depth of the film (on the order of a few 
nanometers) is the limiting depth and results in a much smaller localized total 
volume.128' 
Figure 2. 7, below, provides an example of Cross-Sectional TEM (XTEM), 
taken from Panjan etal. 2007 publication on TEM investigation ofTiAIN/CrN 
multilayer coatings prepared by magnetron sputtering.[22] The figure on the left, 
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Figure 2.7 On the left, (a), and right (b) a BF and DF XTEM image of the TiAIN/CrN 
multilayer deposited on steel taken from Panjan et al. 2007. A sub-figure SAED image 
revealing B1-NaCI structure.1221 
marked "(a)", is a bright field (BF) image of the multilayer deposited on a steel 
substrate where the TiAl target was ramped at 200 W/min up to 8 kW, and the Cr 
target ramped at 300 W/min up to 3 kW. From this figure Panjan concludes that 
the CrN layers, the darker layers in the sample, and the TiAIN layers, the lighter 
layers, are thinner in the first layers of the sample (as seen in the lower left hand 
corner of the figure) due to the lower initial power of the guns. Panjan states that 
the first layers were comprised of an approximate 2 nm TiAIN and 7 nm CrN bi-
layer, and increased in thickness until the magnetron guns had stabilized. At this 
time Panjan reports that the film reached an approximate 50 nm bi-layer period 
with each layer having approximately the same thickness. Also identified in 
figure "(a)" is an area that Panjan explains is a result of strain contrast resulting in 
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strongly diffracting conditions, labeled "c" in the figure. Further stating that strain 
contrast results from residual stress in the film and is a "common feature" in 
magnetron sputtered coatings. From the figure on the right, marked "(b)", Panjan 
concludes the existence of what he terms a "typical columnar microstructure" 
resulting from low gas pressures and low temperatures relative to the melting 
point of the deposited films. Panjan identifies various columnar grains nucleating 
on the substrate, growing perpendicular to the surface, with additional grains 
nucleating throughout the coating. Noting that the "Microstructure of the coating 
appears not to be affected by the change in thickness of the layers, e.g. 
columnar grains exist in the thinner as well as the thicker layers." In addition, a 
sub-figure Selected Area Electron Diffraction (SAED) pattern is presented in the 
lower right corner of figure (a). Panjan states that the diffracting rings reveal a 
B1-NaCI type structure, which was consistent throughout the film. It is also 
stated that due to the proximity of the TiAIN and CrN diffracting rings, the 
individual patterns could not be separated.1221 
2.2.5 NANOINDENTATION 
Nanoindentation is a technique in which submicron depth penetrations are 
made on a sample surface to determine mechanical properties, such as the 
elastic modulus and hardness, through values experimentally derived in a load 
vs. indenter displacement curve similar to the schematic shown in Figure 2. 8. In 
this schematic Pmax is the maximum indenter load, S is the initial stiffness of the 
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unloading curve, hmax is the maximum penetration depth at the peak indenter load 










Figure 2.8 Schematic of load vs. indenter displacment curve with constants as described 
aboveI32] 
Practical application and accuracy enhancements of this technique were made 
possible by over a hundred years of development in the science surrounding this 
field. However, in the 1994 publication by Oliver et al.t32] it was identified that not 
until the 1980's was it fully realized that using load and depth sensing 
measurements could produce mechanical properties in thin films and surface 
layers. Important developments making this step possible were first theorized by 
Tabor et al. in 1948 where the relationship describing the reduced modulus, 
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resulting from the effects of non-rigid indenters, could be shown to take the form 
of equation 2.7 
1 fE r  = (1 — v z) /E + (1 —  v f ) / E i  Equation #2.71321 
where Er represents the reduced elastic modulus and E and v, are the elastic 
modulus and Poisson's ratio of the sample and the indenter. (The subscript "i" 
identifies the properties of the indenter.) As the elastic modulus and Poisson's 
ratio of the indenter are known quantities, it is simply a matter of deriving the 
reduced modulus to ascertain the sample quantities. 
In ground breaking work, published from 1973 - 1987, Bulychev, Alekhin, 
Shorshorov and co-workers showed that the reduced modulus could be 
expressed by the relationship shown in equation 2.8 
E r  = yjiz/2 * (5/Vv4) Equation # 2.81321 
which is presented in the form as it is rewritten in the publication by Oliver et al., 
describing the relationship between the reduced modulus, the initial unloading 
sample stiffness, S, and the projected area, A, of the elastic contact. 
Up to the work of Oliver et al. it was assumed that the area of contact 
remained constant as the indenter was unloaded, and therefore the reduced 
modulus could be calculated as described in equation 2.8. However, it was 
discovered and proven by experimentation in Oliver and Pharr's work that the 
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unloading stiffness curve could be described by a power law function, shown in 
equation 2.9 
P  =  A ( h -  h f ) m  Equation # 2.9[32] 
where P and h are the unloading curve load and displacement parameters and A, 
and M and hf are constants that are determined from a least squares fit of the 
unloading curve. This formula was applicable for a Berkovich diamond indenter 
and for a range of materials (aluminum, tungsten, soda-lime glass, fused silica, 
sapphire and quartz). The initial stiffness can then be determined from the first 
derivative of this equation taken at the peak load and displacement. Yet, for the 
reduced modulus equation (equation 2.8 above) to be resolved it is still required 
for the area function to be determined. As the area function is both a function of 
the maximum penetration depth, hc, it was also required for the residual 
displacement of the surface resulting at the perimeter of the indenter, hs, to be 
derived and the maximum penetration hmax to be measured where hc, hs, and 
hmax are depicted in Figure 2. 9. In a review of Sneeddon et al.'s work of 1965 
Oliver and Pharr determined by comparison that the surface displacement at the 
perimeter of the indenter could be described by the relationship shown in 
equation 2.10 
h s  = e(Pm a x /S) Equation #2.10I32] 
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where Pmax and S are as described above and e is a contant that is a function of 
the indenter geometry, which ranges from .72 to 1, and for a paraboloid is .75. 
Figure 2.9 Schematic section view of indentation with constants as described above'323 
In order to avoid the time and expense of measuring the area at hc it was 
assumed that the area function would take the form of equation 2.11 
A(h c)  = 24.5hc + Cj/iJ H 1- CQhl / 1 2 8  Equation # 2.11[32) 
where the first approximation of 24.5hc2 represents the area of a perfect 
Berkovich indenter, with the remaining terms resulting from blunting and wear of 
the perfect geometry. Equation 2.11 was then iteratively resolved, assuming a 
constant modulus, until the composite area function resulting described the data 
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Figure 2.10 Calculated contact area vs. contact depth for various materials1321 
since the area function could be determined, the reduced modulus Er, as well as 
the sample hardness shown in equation 2.11 
H = Pmax/A Equation # 2.11[32] 
could be determined.1321 Recent work by Barshilia et al. reported hardness 
measurements of TiAIN/CrN multilayers deposited by DC magnetron sputtering. 
Measurements were performed on a - 1.5 pm thick film with a CSM Instruments 
nanoindenter equipped with a Berkovich diamond indenter and at a load 
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maximum load of 5 mN. Ten indentations were made per sample with the 
averaged values reported. Barshilia notes that all indentation were at a depth of 
less than 1/10th of the film thickness. In Figure 2.11, borrowed from Barshilia's 
publication, the hardness in kgf/mm2 is plotted against the modulation period of 
the TiAIN/CrN multilayer film. Barshilia identifies the peak hardness as ~3900 
kgf/mm2 (38.2 GPa) occurring at a period of A = 6.4 nm, noting that the hardness 
for TiAIN, CrN and Si were approximately 3850,1000 and 1100 kgf/mm2, and 
that the overall hardness value of the multilayer film was higher than the rule-of-
mixture value of -2400 kgf/mm2. Barshilia further states that the phenomenon of 
variations in hardness and strength of multilayers is "commonly observed" in 
literature.1111 







Modulation Wavelength (A) 
Figure 2.11 Nanoindentation hardness vs. modulation period for TiAIN/CrN multilayer 
films™ 
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Park et al. also reports on the impact of hardness in bi-layer period for 
various reactive DC magnetron sputtered TiAIN/CrN multilayer films, identifying 
specifically the impact of Ti/AI ratio on these films. Figure 2.12 shows the results 
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Figure 2.12 Hardness vs. multilayer period of Tit.xAlxN/CrN nanostructured films[24] 
nm period film, with a Ti/AI ratio of approximate unity, a maximum hardness of 38 
GPa is found. Using a CrN hardness value of 29.3 GPa, a value ~3x greater 
than the CrN hardness reported by Barshilia et al., Park et al. reports a rule-of-
mixture hardness value of 33.7 GPa for the Ti0 474AI0.526N/CrN film; stating that 
this represents an increase of 12.8% in hardness due to the superlattice effect. 
Park notes here that the enhancement in hardness is more pronounced in films 
with higher aluminum content. Speaking briefly to the reasons for hardness 
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increase in superlattice coatings resulting from both the coherency strain energy, 
consequent of lattice mismatch, and the impediment of dislocation motion, due to 
the differences in elastic moduli in alternating thin films. Park also identifies that 
the difference in lattice parameters between Tii.xAlxN and CrN showed significant 
and measurable decrease with the increase of Al content, concluding that the 
coherency strain was not the main hardening mechanism in this system. (The 
author would also like the reader to note the large error bars in Figure 2.12 
denoting significant scatter in the hardness data reported by Park et al.) 
2.2.6 AFM 
According to Giessibl's[33] Atomic Force Microscopy review of 2003, the 
first Scanning Tunneling Microscope (STM), the predecessor to the AFM, was 
introduced in 1981 by Binnig, Rohrer, Gerber and Weibel. The STM was the first 
instrument to allow for imaging of individual surface atoms. However, though this 
ground breaking invention would win Binnig and Rohrer the Nobel prize, STM 
was hampered by its ability to image only clean well-defined electrically 
conductive metal and semiconductor surfaces in ultra-high vacuum 
environments. Due to adsorption and de-sorption processes continuously 
changing the surface solids on the sample. However, in the early years of STM, 
it was identified that as the proximity of the tip with the sample would elicit a 
small current from the surface. This would result in what Giessibl states as 
"significant forces" that act collaterally with the tunneling current. The result was 
the advent of the AFM, invented by Binnig in 1986, with the first prototype built 
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that year by Binnig, Quate and Gerber. The AFM had the immediate benefit of 
being able to be operated in ambient conditions and could image virtually any flat 
solid surface without the need for elaborate sample preparation.1331 
An AFM operates by means of four components; a sharp tip (with a radius 
of curvature on the order of nm), a cantilever (relatively rigid on two axis and soft 
on a third), an x-y-z scanner and a laser/optical tracking system. The tip, 
typically comprised of silicon or a silicon variant, is brought into proximity of the 
sample surface, as shown below in Figure 2. 13, where the tip reacts to both 
local and far field forces resulting from the potential between the tip, the sample 
tip 
r . . t 
* 4 v 
• ^ f f 
*  •  «  « .  
sample 
f *  ' f  f  
•  •  •  . . . .  « .  . w  •  • _  • _ .  .  
T • • i * 
1 1 
• ^  • 
f 
Figure 2.13 Schematic view of AFM tip interacting locally and long-range with a sample 
surface. The crescents represent short range forces resulting from tip and sample orbital 
overlap, and the arrows represent long range forces originating from the "full volume" and 
the surface[33] 
surface atoms and the full volume of the sample. Typically, in ambient 
conditions, the local forces result from meniscus forces emanating from adsorbed 
layers (water or hydrocarbons) on the surface, and the long range forces are 
electrostatic and magnetic in nature. Figure 2. 14 shows an SEM image of 
Nanosensors Pointprobe sensor with a micromachined silicon cantilever and an 
integrated [001] oriented tip. The cantilever shown represents the typical "diving 
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board" cantilever beam geometry with a spring constant, k, dependent on the 
elastic modulus, width, thickness and length of the cantilever. The stiffness of 
the original AFM cantilevers was typically tuned to be on the order of the 
interatomic spring constants (k s 10 N/m) of the atoms in the sample. This was 
useful for the early static contact modes, but as dynamic contact modes became 
available the stiffness has been increased an order of magnitude to reduce noise 
Figure 2.14 An SEM of a Pointprobe sensor comprised of a Si cantilever and an 
integrated [001] Si tip produced by Nanosensors GmbH and Co.[33] 
and increase stability. When the tip comes in contact with interactive forces 
from the surface, the cantilever is deflected. To turn this physical phenomenon 
into a surface profile the x-y-z scanner rasters the tip in line profiles across the 
surface while a laser, or other possible optical or electrical measurement 
technique, is "bounced" off the back of the cantilever; providing feedback of 
height changes on the surface. The deflection information is then used 
differently, depending on the three standard AFM operating modes.t33] 
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As introduced above, the first of the AFM modes was known as static 
atomic force microscopy, sometimes referred to as "contact mode". In this mode 
the forces resulting from the interaction of the tip and the surface result in 
deflections of the cantilever beam. The laser detected feedback of deflections at 
the tip of the cantilever is then used to adjust the z-scale at the base of the 
cantilever such that the forces at the tip remain constant. The z-scale deflections 
are then used to "map" the sample surface. Though simple in its explanation, 
this technique is very susceptible to long range noise and the phenomenon of 
"jump-to-contact" requires pulling at the cantilever to compensate. The second 
and third AFM modes both belong to the field of dynamic force microscopy. They 
are both the amplitude mode (AM) and frequency modulation mode (FM), 
sometimes referred to as "non-contact" modes. In both modes an actuator 
connected to the cantilever is driven with fixed amplitude and at a fixed 
frequency, where the fixed frequency is close to the natural frequency of the 
cantilever. While the tip is still "relatively far away" from the sample surface it 
interacts with long range net forces of the surface. These forces cause the tip to 
experience a change in both amplitude and frequency. The changes are used in 
a feedback loop to provide information on the surface. In AM the amplitude 
changes are measured from the feedback loop and z-scale deflections acts to 
maintain the original amplitude. In FM, the same changes occur, but the 
feedback loop and z-scale deflections acts to maintain the original frequency. In 
both cases these deflections are then used to map the surface of the sample. 
However, in neither case does the interaction of the tip and surface occur 
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simultaneously with the change in amplitude or frequency. In AM, the amplitude 
change is delayed on the order of 200,000 times 1/fo in vacuum, where in FM the 
frequency change occurs in the time span of a single oscillation, or on the order 
of 1/fo. Therefore, AM is very slow to respond in comparison with FM. However, 
Giessibl reports that a modified "tapping mode", where intermittent repulsive tip-
sample interactions occur, it was possible to achieve atomic resolution with AM 
on Si in vacuum as early as 1996.1331 
Three dimensional Root Mean Square roughness (Ra) images, captured in 
non-contact mode by Surface Imaging Systems (SIS) Atomic Force Microscopy 
System, were reported by Barshilia et al. on TiAIN and TiAIN/CrN samples. The 
films used in this comparison were deposited by DC magnetron sputtering. 
However, the multilayer period TiAIN/CrN film was not identified. Figure 2. 15, 
shows a comparison of surface roughness of samples in both the as-deposited 
state and after oxidation at 800°C. Barshilia concluded from these photos that 
the TiAIN root mean square roughness increased significantly with increased 
annealing temperature. Adding that films heated at the higher temperature 
developed micro-cracks and eventually peeled off. In comparison, the multilayer 
TiAIN/CrN films did not reveal any cracking, and adhesion of the film was not 
lost. RMS roughness increase did occur, compared to the as-deposited film, and 
Barshilia attributed this increase to the formation of oxides on the surface.'111 
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(c) TIAIN; «WC «J) TIAIWCrN; wrc 
Figure 2.15 Three-Dimensional images of TiAiN and TiAIN/CrN films in the as-deposited 
and annealed states1111 
2.3 MACHINING 
Extensive studies have been conducted on the topic of tool wear, and 
resulting tool life, of various end mill and turning inserts. These studies have 
examined a range of wear resistant coatings and a variety of tool insert 
geometries and applications. Experimental setups vary from in-situ tooling 
observations to various laboratory friction and wear experiments (used to 
approximate tooling and predict tool performance). Of interest in this review is 
the in-situ tooling observations where the wear or wear rate of a tool insert is 
classified by a physical measurement of either crater or flank wear.'4"5,13"14,34-393 
These papers cover several generations of coatings and typically plot tool wear 
vs. time and distance,[4"5,13,34 351 or develop wear or wear mechanism maps[14,36" 
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391 that give a measure of the coatings effectiveness in various lubricated and dry 
scenarios. To assist in creating results that are easily comparable, and 
standardize tool performance and tool life predictions, many of the authors of 
these works have taken to the accepted tool wear testing practice described in 
ISO STD 3685[151 for turning, or 8688-2:1989[40) for end milling. An example of 
some of the direction provided by ISO 3685 is shown in Figure 2.16 where the 




Figure 2.16 Examples of types of wear on turning tools1151 
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location and measurements of such wear, and descriptions of various wear 
types, are provided. Upon wear test completion film data is then compared, with 
the "better" coating outperforming comparative films with longer tool life or with a 
larger effective safety zone (minimal wear zone).[15] An example of a flank wear 
plot is shown in Figure 2.17, taken from Y.J. Lin et al.t4], showing dry cutting test 
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Figure 2.17 AlCrN tool wear vs. cutting time under dry machining141 
constant surface turning speeds. As can be seen in this example, flank wear in 
millimeters is plotted against time to demonstrate the effect of surface speed on 
tool performance. Often an arbitrary value for maximum flank wear is selected to 
represent end of tool-life, though .6 mm is said by ISO 3685 to be "the most 
commonly used" for high-speed steel and sintered carbide tools. In addition to 
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determining tool-life, discussion is often made explaining the results of the testing 
and tool performance in terms of common tribological terms such as micro-
abrasion, micro-attrition (adhesion), micro-fracture, thermal and mechanical 
fatigue, edge chipping, cracking and/or spalling, to name a few, and categorizing 
the failure modes of the film at the various feeds and speeds.l4,13"14,391 
Various works discuss the benefits of "superlattice" films, comprised of 
nanostructured multilayers, with higher hardness, lower friction coefficients and 
higher oxidation resistance; leading to predictions of lower resulting wear rates in 
dry and high speed machining.[34,41-431 The systems investigated in articles 
reviewed were TiAINA/N and TiN/TaN and TiN/NbN. In addition the author has 
found references of TiAIN/TiN, TiN/CrN and TiCN/AbOs/TiN multilayered films, 
among others. However, in only one case has the author found reference to 
tooling experiments of TiAIN/CrN nanostructured multilayers. In Ducros et al.'s142" 
431 two part work, ~3 um thick Alo.6Tio.4N/CrN multilayers were cathodic arc 
deposited on K-type CNMG120408 inserts with reported periods of 8.5 and 190 
nm. Single point roughing and finishing turning tests (feeds 0.1-0.3 mm/rev, 
depth of cut 0.5 to 2.5 mm) were performed against Inconel 718, with a Soluble 
oil coolant (8% concentration, flow rate unknown), and at a variable surface 
speed of 20 to 50 m/min. In these experiments a single flank wear value is 
plotted against a single cutting force, see Figure 2. 18. Therefore, comparison of 
tool life is impossible. Also, the focus of Ducros's paper did not identify the most 
efficient nanostructure multilayer period, nor did this work qualify for high speed 
or dry machining.142"433 
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Figure 2.18 Described in Ducros et al.'s paper as the "Evolution of flank wear of coated 
cutting tools with cutting force for various compositions and period for roughing 
steps."1431 
2.4 THESIS STATEMENT 
As demonstrated above, there are numerous publications on the topic of 
thin hard coatings of transition metal nitrides. This is due to the vast number of 
industries employing hard coatings. The current work is devoted to the singular 
application of hard wear resistant coatings for use in cutting tools and other 
mechanical components. Progression and interest in this field is driven by two 
competing interests. First, environmental "green manufacturing" needs, which try 
to reduce hazardous by-products, and second, the economic benefits of high 
speed machining. Both of which have resulted in raising cutting tool 
temperatures significantly. Fortunately, multicomponent nanostructured 
multilayer superlattice films have already demonstrated substantially higher 
hardness and oxidation resistance when compared to their constituent 
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component layers. However, the investigation of TiAIN/CrN as a tool coating 
system is incomplete. The testing of TiAIN/CrN in tooling applications is almost 
non-existent, and a gap between the tooling performances, measured by tool 
wear plotted against cutting time, and the structural and chemical 
characterization of the individual coatings still exists. 
It is believed that by characterizing and understanding the impact of 
periodicity of TiAIN/CrN multilayers on tooling performance that an optimized 
multilayer periodicity can be determined. This would in turn minimize tooling 
wear and reduce tooling cost and environmental impact of tooling operations. 
Therefore, a thorough and scientific study of this system is necessary and 
essential. It is believed that this information can then be extrapolated to other 




3.1 PHYSICAL VAPOR DEPOSITION 
In this research an approximate 3.5 cubic foot custom built cylindrical RF 
magnetron sputtering chamber was employed to deposit multilayer TiAIN/CrN at 
periods of 2, 4, 8 and 16 nm. In addition, single component thin films a (TiAICr)N 
alloy, and the constituent TiAIN and CrN films, were deposited for comparison. 
Coatings were made on [111] single crystal silicon, for characterization, and 
sintered WC-4wt% Co indexable inserts with ISO SPGN 120308 geometry, for 
single point turning experiments. TiAIN/CrN was chosen as the system of study 
as it is both a relatively mature system, with publications referenced in this 
document as early as 1997, yet is still currently being studied and developed, as 
evidenced by cited publications as recent as 2011. In addition, though multilayer 
superlattice thin films of TiAIN/CrN have already demonstrated excellent 
machining relevant properties, with substantially higher hardness and oxidation 
resistance than their constituent component layers, optimization and validated 
tooling performance is still missing in the development of this system. 
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Figure 3.1(a) depicts the sputtering chamber in use. The lavender and 
azure hues emitting from the plasma, as seen through the hinged substrate 
loading door in Figure 3.1(d), results from the sputtering of TiAl and Cr in a 
combined Ar+N2 rich atmosphere. The chamber was built to house two 
magnetron sputtering guns, with each gun holding one 50 mm target, as seen in 
Figure 3. 1(b). The targets used in these experiments were Cr and a 
stoichiometric TiAl alloy, both 99.99% pure. Prior to deposition the chamber was 
evacuated to a base pressure of approximately 6.7x10"4 Pa, followed with a 
backfill of an inert Argon gas. The Ar was introduced into the chamber at a rate 
Figure 3.1 (a) Custom built RF magnetron sputtering chamber (b) TiAl and Cr targets held 
in sputtering guns with stepper motor controlled isolation paddle (c) Electrically and 
thermally bias substrate holder (d) In-Situ sputter of TiAIN (left) and CrN (right) 
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of 20 standard cubic centimeters per minute (SCCM), resulting in a working 
pressure of approximately 0.5 Pa. This specific pressure value was found in our 
pre-experimental study to be conducive to adequate deposition rates while 
maintaining stable plasma. An alternating current was introduced between the 
targets and the substrate holder at a frequency of 13.56 MHz. As previously 
discussed, the current induces a negative self-bias on the face of the targets due 
to an increased mobility of the target electrons, over ions, as they free 
themselves from the surface of the target. The free electrons act to ionize the Ar 
into an Ar+ plasma; resulting in the now positively charged ions being drawn to 
the negatively biased target surface. Metal alloy ions and neutrals are freed as a 
result of the subsequent energetic collision and the consequential exchange of 
momentum of the Ar+ ions with the metal ions and neutrals on the surface of the 
target. The magnetron, present in the sputtering gun, serves the purpose of 
increasing the electron residence time in the plasma adjacent to the target; both 
enhancing the ion collisions and increasing deposition rates.1161 The target 
sources in this study were located approximately 10 cm from the substrate holder 
at an angle of 15 degrees, measured between the vertical centerline of the 
substrate holder and the centerline axis of the target (Figure 3. 1.d). During 
deposition the substrates were affixed to an electrically and thermally bias 
substrate holder. Figure 3.1.c depicts a representative silicon substrate "glued" 
with silver paste to the substrate holder. A typical application requires the silver 
paste to be placed on the back of the substrate and the sample placed on the 
sample holder prior to mounting the system in the chamber. The sample is then 
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heated to approximately 150°C while the silver paste cures in an isolated 
chamber environment. Afterwards, the chamber is evacuated and the sample is 
heated to the full 450°C deposition temperature. The temperature is achieved 
with resistive heating. The temperature was chosen as preliminary work indicated 
that this temperature promotes growth of cubic CrN. 
For the multilayer samples a thin (= 25 nm) metallic Cr film adhesion layer 
was pre-deposited on the individual substrates. The Cr film was deposited at a 
-100 VDC substrate bias, achieved with a DC voltage power supply connected 
directly to the substrate holder, with the substrate holder electrically isolated from 
the rest of the chamber via ceramic standoffs. The multilayer films were 
deposited at the previously stated 0.5 Pa working pressure. This was attained by 
mixing nitrogen into the existing argon atmosphere at a flow rate of 5 seems and 
sequentially increasing the vacuum sufficiently to maintain the desired pressure 
by increasing the opening of the gate valve isolated turbo molecular pump. The 
substrate bias was then increased to -150 VDC during the multilayer deposition. 
A stepper motor controlled shuttering system was used to isolate the individual 
targets, allowing each target to maintain constant plasma during the entire 
deposition period while individually isolating each target for the required time to 
achieve the predetermined multilayer periodicity. The shutter controller can be 
seen on the top of the vacuum chamber in Figure 3. 1(a) and the shutter paddle 
in Figure 3. 1(b) and (d). The velocity of the shutter was set at 1 rev/s, resulting 
in an approximate .1 second transition between targets. The timing of the shutter 
dwell over each target was set based on calibrated deposition rates from each 
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target to achieve the desired bilayer period and relative multilayer thickness. 
Total deposition time was typically four hours to achieve an approximate 1.2 (jm 
thick sample (used for characterization and analysis of composition, texture, 
morphology and hardness) and 8+ hours to achieve an approximate 3 pm thick 
sample (used for tooling experiments). In addition, 1.2 pm thick films of TiAIN, 
CrN, and a ~1 pm thick film of (TiAICr)N were deposited under similar conditions 
(for comparison). Table 3.1 lists the deposition parameters for all multilayer and 
single alloy coatings. 
Table 3.1 Deposition Parameters 








Total # of 
periods 
TiAIN/CrN 2nm 450 -100
1 
180 750 ML3 -150 





180 375 ML3 -150 
TiAIN/CrN 8nm 450 -100
1 
180 188 ML3 -150 
TiAIN/CrN 16nm 450 -100
1 
180 94 ML3 -150 


















1AII bond layers were deposited at -100VDC 
2Cr gun set to 72W for this deposition 
3 ML = Multilayer 
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3.2 COMPOSITION, MORPHOLOGY AND STRUCTURE 
3.2.1 XPS 
X-ray Photoelectron Spectroscopy (XPS) was performed in the University 
of New Hampshire's Kratos Axis HS XPS. In this study XPS samples were 
prepared by first depositing approximate 1 thick thin films of the multilayer, 
co-deposited and individually deposited constituent films, as described in section 
3.1. As these films were deposited originally on approximate 1 cm square silicon 
(111) substrate material, it was necessary to first score the samples from the 
back side (with a carbide tipped tool) allowing for the sample to be quartered to fit 
in the sample holder of the XPS. This process was followed with an agitated 
bath of acetone, for approximately 5 minutes, and a sequential rinsing with 
deionized water and alcohol. A depth profile of each sample was performed in 
15 minute intervals beginning with a surface etch by Ar+ ions at 15 mA in "fast" 
scanning mode, alternating with XPS acquisitions using the integral Vision 2.1 
Processing Package software program. In these experiments the samples were 
analyzed in the magnetic immersion lens mode (for greater sensitivity), a pass 
energy of 160 eV and an x-ray emission of 10mA. The depth profile continued 
pending atomic level oxygen stabilization; which usually occurred within 45 
minutes of total etching time. The primary reason for a depth profile was due to 
the 02 noise resulting from the natural roughness in these films. Using the Casa 
XPS software the background was removed from each data set and the 
individual acquisition data fields for the 1s orbital N, O and C element peaks, and 
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the 2p Ti and Al element orbital peaks, were adjusted to best estimate the data. 
A quantification report was then captured at the end of each process. Figure 3. 2 
provides a view of the UNH Instrumentation Center's XPS setup, as presented in 
the University of New Hampshire web page: 
http://www.unh.edu/research/uic/instruments-services. 
Figure 3. 2 Kratos Axis HS XPS 
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3.2.2 SEM 
As in the previous section, the samples were similarly scored and cleaned. 
However, the SEM sample fracture was performed specifically to reveal the 
sample cross section. Therefore, care was taken to limit the depth of the back 
side score to a maximum of half the silicon substrate thickness. The samples 
were then mounted on a 12 x 12 x 14mm Pin Stub, 4 x 90°cubed metal sample 
holder made by PELCO SEMClip™. The surface sample was mounted on the 
top of the cube, for surface morphology, and the fractured cross section on the 
side of the cube, for film growth direction, grain size and structure identification. 
Carbon paint (SPI # 05006-AB) was applied to the back side of the silicon 
substrate to affix the sample to the sample holder and ensure complete 
conductance between the two. The carbon paint was allowed to cure for at least 
24 hours before the sample was placed in the University of New Hampshire's 
Instrumentation Center's Amray 3300FE (field-emission) SEM, shown below in 
Figure 3. 3. This figure was borrowed from the University of New Hampshire 
web page: http://www.unh.edu/research/uic/instruments-services, where the 
reported resolution of the SEM was listed at 1.5 nm at 25 keV. In addition, the 
sample was placed in the chamber for a minimum of 12 hours prior to acquisition 
to achieve a base pressure of 8 x 10"5 Pa. A 7 keV electron beam from a (100) 
Tungsten field emission cathode emitter was then rastered across the surface in 
a 4.5 nm2 area for a 25 kx magnification and 2.3 pm2 for the 50 kx magnification. 
The working pressure of 2.67 x 10"4 Pa was maintained during all acquisition. 
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Other parameters include 4mm working distance, at no tilt, and a final lens (FL) 
current of -20 pA (picoamp). 
3.2.3 EDS/EDX 
A Princeton Gamma Tech (PGT) Imix-PC Energy Dispersive 
Spectroscopy microanalysis system, the black cylinder in the upper left corner of 
Figure 3. 3, is attached to the side of the University of New Hampshire's 
Figure 3. 3 SEM/EDX FIGURE 
Scanning Electron Microscope, and was used for comparative verification of the 
films chemical composition. In these experiments EDX directly followed the SEM 
investigation of the films, such that preparation for EDX required no more effort 
than was previously accomplished for the SEM. In EDX, the chamber pressure 
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was held constant at 2.7 x 10"4 Pa, but the magnification was changed to 10 kx 
(defining a scan area of 11.3 |jm x 8 |jni, though the option of a partial field box 
was available for an area of 5 pm x 4 pm or a spot of 1 pm2). A 20 keV electron 
beam was then rastered on the surface for an arbitrary time (usually 300 
seconds) to achieve 5000 counts of measured Ka x-rays emitted from the most 
responsive (dense) metal (typically a Cr Ka at approximately 5.4 keV for 
TiAIN/CrN multilayers and (TiAICr)N co-deposited film, or Ti Ka at approximately 
4.5 keV for the constituent TiAIN film), defining the full scale of the scan. Ti, Al, 
Cr and N elements were reported in the EDX analysis. However, only the 
relative amounts of the metal elements were calculated from EDX, while XPS 
was used to verify nitride formation and relative amounts of nitrogen and oxygen 
in the films. Other significant parameters were a 20 mm working distance and a 
final lens current -34 pA (resulting in beam penetration of at least 1 pm into the 
sample). 
3.2.4 TEM 
Trasmission Electrom Microscopy (TEM) samples were also prepared as 
described in section 3.1, and scored similary. However, in the TEM sample 
preparation process the scored samples were broken evenly into thin shards 
approximately 3 mm wide. The 1 cm long by 3 mm wide shards were then glued 
together with a two-part epoxy, to a thickness of approximately 3 mm, and 
slipped inside of 3 mm ID copper tubing, as shown in Figure 3. 4. Additional glue 
was forced into the tube and the assembly cured on a temperature controlled hot 
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Figure 3.4 TEM sample preparation 
plate at approximately 65°C for 15 minutes. The copper tubing was then 
sectioned into approximately 2 mm thick cylinders and further reduced by a 
grinding and polishing wheel until approximately 125 pm thick. The samples 
were placed in a micrometer contact controlled dual-axis rotary dimpler, with a 19 
mm diameter Buelher TexMet skin coated wheel wetted with .05 pm diamond 
paste, and sequentially reduced in thickness to approximately 10 pm thick. The 
films were then placed in a Fischione LAMP-1010 ion mill, see Figure 3. 5, and 
thinned further at an angle of 15 degrees, until a thru hole was formed in the 
sample. The films were then analyzed by bright field cross-sectional TEM in a 
200keV Zeiss/LEO 922 Transmission Electron Microscope, shown below in 
Figure 3. 6, as presented in the University of New Hampshire web page: 
http://www.unh.edu/research/uic/instruments-services, with reported accelerating 
voltages of 120 and 200kV and a magnification from 80X to 1,000,000X, 
reporting a resolution line of 0.12nm. 
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Figure 3.5 Fischione LAMP-1010 ion mill 
Figure 3. 6 200keV Zeiss/LEO 922 TEM 
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3.2.5 XRD 
3.2.5.1 AREA DETECTION 
In our experiments a Bruker-AXS Wide-angle XRD, equipped with a 
General Area Detector Diffraction System (GADDS), was employed (as shown in 
Figure 3. 7 below). Prior to analysis, the XRD was calibrated according to 
manufacturer's recommendations, with a sixty second scan of 1 (jm powdered 
Corundum (AI2O3). The X-ray tube voltage and amperage were set to 40 kV and 
Figure 3. 7 Bruker-AXS Wide-Angle XRD Area Detector 
40 mA, respectively; generating copper Ka radiation at a weighted mean of 
1.54184 angstroms. Scans were taken with the area detector placed 6 cm away 
from the sample in the normal detection mode, covering full scan 29 angles 
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ranging from -30 to 70°. (With the detector moved back to 10 cm to achieve a 
higher resolution of a limited 20 range from ~30 - 50°.) The impinging angle of 
the x-rays were set to 20°, measured from the face of the sample, with the 
detector set to 40° measured from the incident x-ray angle (20° from the sample 
surface). The sample stage was set to an out of plane chi angle of 54.7°, 
allowing for a larger area of the upper quadrant of the Debye curve to be viewed, 
although for some experiments the stage was set to x=0°. Figure 3. 8 is provided 
for clarity, and shows the angles as described above. Standard scan times were 
set to 300 seconds. Linear scans, as described in the literature review, were 
obtained after x (polar angle) integration of the area detector frame at the 
expense of texture information loss. 





Figure 3. 8 View of X-ray angles provided for clarity 
3.2.5.2 POLE FIGURES 
As stated above, film texture information is typically gathered when using 
the chi angle integration procedure. Therefore, in order to characterize film 
texture, it became necessary to capture pole figures of the same samples. To do 
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this, a narrow range of 20 angles was set for each the previously identified (111) 
and (200) Debye curves and 72 individual 15 second scans (taken under the 
same parameters described in the area detection section) were taken as the 
sample was rotated in 5° increments. The scans were then stitched together with 
the General Area Detector Diffraction System (GADDS) V4.1.30 software to form 
pole figures. For validation, 200 second individual scans were performed for 
comparison and it was found that 15 second scans provided the required detail. 
3.2.5.3 ROCKING CURVES 
Unfortunately, the software that was employed to develop the pole figures 
did not provide the ring diameter for the data, and therefore the angle of the 
reflections with the refracting plane normal. To attain this information a "rocking 
curve" was taken. In this process the sample was rotated to an angle to align 
with the brightest area reflection previously identified in the pole figure and the 
sample stage was then changed from 54.7° to 90° (Aligning the plane normal of 
the sample to the incident x-rays). A single scan was then taken and the 
resulting data integrated along 20 and plotted vs. chi. This allowed for the 




3.2.6.1 ULTRA NANOINDENTATION HARDNESS TESTING 
Hardness values for all coatings were generated with a CSM Instruments 
Ultra Nanoindentation Hardness Tester (UNHT), equipped with a Berkovich 
diamond nanoindenter, at a loading rate of 30 mN/min and a maximum load of 15 
mN. Figure 3. 9 shows a representative picture taken from CSM's website 
(http://www.csm-instruments.com/en). Samples, as deposited and cleaned in 
section 3.1, were glued with adhesive to glass slides and allowed to cure up to V2 
hour before testing. Hardness tests began with an original maximum load of 5 
mN, but due to the roughness of the as-deposited films these tests resulted in an 
inordinate amount of data scatter. The load was then increased to a new 
maximum of 15 mN and this resulted in an adequate mapping of the penetration 
depth to the applied normal load as seen in Figure 3.10, below. 
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Figure 3.10 Sample Loading Curve 
A minimum of 10 hardness values were taken on each sample and the 
reported hardness represents an average of those readings. The indentations 
were taken with approximately 10 |jm spacing on all sides and in a 40um square 
grid. The full penetration depth ranged from 15 to 20% of the film thickness. 
3.2.6.2 MICROHARDNESS 
As the nanoindentation depths were greater than the standard 10% penetration 
depth, primarily used in thin films to avoid substrate effects, Knoop 
microhardness tests were taken to verify the hardness values. For these tests a 
Wilson's Instruments Series 400 KnoopA/ickers microhardness tester was used 
to take hardness readings on the thicker ~3 |jm thick TiAIN/CrN films deposited 
on the WC-4wt% Co indexable carbide inserts in this study. Knoop testing is 
performed with a pyramidal diamond indenter that forms an elongated diamond 
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shaped indent. The indent is made by pressing the indenter into the sample 
surface with a known force; typically on the order of grams and dependent on the 
hardness of the sample tested. The force is held for a specified time, on the 
order of 10 seconds, and removed leaving an elongated diamond shaped 
impression on the sample surface. The size of the indent is then measured 
optically along the longest diagonal of the diamond shaped indent. The Knoop 
hardness, HK, is calculated by dividing the force by the projected area of the 
indent. This method was used in various publications assessed in the literature 
review, with hardness taken on similar thicknesses of the TiAIN/CrN multilayer 
system and producing similar values. 
3.2.6.3 ROCKWELL HARDNESS 
Through thickness static indentation Rockwell hardness values were taken 
on an approximate two inch cut from the end of the as received stock with a 
Wilson Mechanical Instruments Division American Chain and Cable Co. Rockwell 
Hardness Tester (seen below in Figure 3. 11). The Rockwell hardness number 
(HRX), as described by Tabor in The Hardness of Metals'441, employs a spherical 
indenter for softer metals, Rockwell B (HRB), and a conical indenter for harder 
materials, Rockwell C (HRC). In this experiment Rockwell B scale values were 
deemed the appropriate, though the values were on the higher end of the scale. 
One of the advantages, and conveniences, of the Rockwell technique is the 
ability to read the hardness directly from a dial as opposed to optically measuring 




Figure 3.11 Wilson Mechanical Instruments Division American Chain and Cable Co. 
Rockwell Hardness Tester 
3.2.7 ROUGHNESS/AFM 
The surface roughness was measured using a Dimension 3000 AFM 
housed in an acoustic enclosure and mounted on a vibration isolation table, see 
Figure 3.12. The samples were deposited and cleaned, as stated in section 3.1 
and glued to approximate 15 mm steel discs before being placed on a magnetic 
stand on top of the NPoint closed loop capacitive feedback 100 |jm x-y scanner 
table, for enhanced position accuracy and linearity. Scans were conducted in 
tapping mode using a Nanosensors Pointprobe series Pointprobe Plus - tip Non 
Contact High Frequency (PPP-NCH) in a 5 |jm2 scan area with 512 data points 
per line and at a scan rate of 1 Hz. A typical tip radius runs from approximately 
5-40 nm (accounting for wear), a stiffness of C = 42 N/m and a resonant 
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frequency of f0 = 330 kHz. Digital Instruments Nanoscope Ilia software 
5.30r3.sr3 was used to control the AFM drivers, linear level the sample and 
calculate range and average roughness. 
Figure 3.12 Dimension 3000 AFM 
3.3 MACHINING 
4.5.1 INSERT GEOMETRY AND COMPOSITION 
Carbide indexable tool inserts were purchased from Republic Drill 
Corporation, with an approximate WC-4wt% Co alloy composition and ISO 
SPGN 120308 geometry. (The complete insert geometric description is 
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presented in Table 3. 2) The inserts were coated, per section 3.1, and placed in 
a Dorian Tool Pos Square Tool Holder (ISO CSBPR 2020K12) with complete tool 
geometry presented in Table 3. 3. The inserts were then run on a Fryer Machine 
Table 3. 2 Indexable Insert Geometry 
Shape Square w/o hole 
Side/End Relief Angle 11° 
Tolerance Class .0254 mm IC and Gauge Dimensions, 
.127 mm Thickness 
Size (IC) 12.7 mm 
Thickness 3.18 mm 
Nose Radius .8 mm 
Table 3. 3 Cutting Tool Geometry 
Holding method Clamping* 
Holder Style Straight square shank 
Tool Height/Width 20 mm 
Tool Length 125 mm 
Clearance angle 11° 
Side and End Cutting-Edge Angle 15° 
Back Rake Angle 0 
Side Rake Angle 0 
Hand of tool RH 
* A chip breaker was not employed 
Systems Inc. 10 HP variable spindle speed Easy Turn 2000 (ET-18) CNC Lathe, 
as seen in Figure 3. 13. The selection of the CNC lathe machining process was 
twofold. First, the CNC selection limits operator impact from the machining 
performance, as the cutting tool speed, feed, depth of cut, etc... have been 
shown to impact tooling performance considerably. And second, to avoid an 
interrupted cutting process (such as that of end milling), as interrupted cutting 
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techniques add several levels of complexity to the coating performance through 
the introduction of alternating mechanical and thermal loadings. Prior to running 
the tooling experiments a complete preventive maintenance check and service, 
with the addition of a software upgrade, was performed on the lathe by Fryer 
Machine Systems technical staff to ensure adequacy and accuracy of all 
fryer S5v run*; 
Figure 3.13 Fryer Machine Systems Inc. Easy Turn 2000 (ET-18) CNC Lathe 
mechanical and electrical systems. A cut test, to validate run out, showed < 
.005 mm of run out over a 15.25 cm cut. In addition, the spindle speed was 
verified throughout the testing, at <1% error up to 2000 RPM, by a Extech Photac 
handheld digital tachometer. 
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4.5.2 WORKPIECE MATERIAL CONDITION 
A 7.62 cm diameter A2 tool steel rod workpiece, as received per ASTM 
A681 from McMaster Carr, was used to validate coating performance. Adequate 
lengths were ordered, as required by ISO 3685[15), to ensure sufficient material 
for the entire test and minimize variations due to material inconsistencies. The 
workpiece was placed in the lathe with approximately 300 mm left free for 
machining, when measured beyond the tip of the 3-jaw chuck. The stock was 
squared and scale removed at 800RPM and 100% feed rate resulting in a 
surface finish <125ST RMS as read from S-22 Conventional Machining 
Mircofinish Comparator Tool. Typical A2 tool steel properties are presented in 
Table 3. 4, while typical A2 tool steel compositions per ASTM A681 in Table 3. 5. 
Table 3.4 Typical A2 Tool Steel Properties 









A2 Tool Steel 101.5/700 50/345 26 95 
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Phosphorous (max) .030 





4.5.3 CUTTING PARAMETERS 
Machining was performed dry at a Depth of Cut (DOC) of .75mm, a feed 
rate of .15 mm/min, and a surface speed of 305 m/min. According to Schultz[8], 
the high speed milling range of steel begins at approximately 300 m/min. 
However, Schultz predicates this value on an average and states that the 
definition of high speed machining is "not easy" to define and largely dependent 
on various cutting conditions. The additional cutting parameters were chosen for 
comparison to recent publications and to meet the recommendation of an 
average failure time greater than 5 minutes, but the requirement of not less than 
2 minutes, as governed by ISO 3685 (E)1151. Machining was completed up to a 
minimum of a 30 mm workpiece diameter to minimize size effects and maintain a 
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length/diameter ration of 10:1, also described in ISO 3685 1993 (E)[15]. In 
addition, a tail stock live center was also employed during machining to ensure 
minimal vibration and deflection in the workpiece. A CNC program was written to 
complete constant interval cuts and allow for flank wear measurements to be 
taken every 15 seconds for the life of the insert. An Ernst Leitz Wetzlar optical 
microscope, with a ,01mm linear scale at 100x magnification, was used to take 
measurements of flank wear. Machine noise, vibration, insert color, chip type 
and color, workpiece roughness, etc. was monitored during testing to verify 
repeatable data sets with minimal environmental impact. 
3.4 OXIDATION 
An in-air oxidation study was performed on all samples to quantify 
reactions at various temperatures. Double side deposited samples, using 
conditions stated in section 3.1 and quartered as in section 3.2.1, were placed in 
a 50 mm long ceramic boat. The 1100°C range Thermo Fisher Scientific 
Lindberg/Blue M Mini-Mite Tube Furnace; model TF55030A as seen in Figure 3. 
14, was brought up to the desired temperature (a constant 650 - 1050°C for this 
study) and allowed to stabilize. The ceramic boat was then slid into the tube 
furnace to the center of the 30.5 cm heated length, with a pre-measured length 
push rod, and held at temperature for 30 minutes before being taken out and 
quenched in the atmospheric conditions. Samples were then analyzed by XRD 
per section 3.2 to determine the presence of oxide species and compound peak 
shifts. 
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RESULTS AND DISCUSSION 
4.1 STRUCTURAL AND COMPOSITIONAL ANALYSIS 
Table 4.1 presents the film composition in terms of the relative amounts 
of the metallic elements present, the total number of periods in the multilayer 
films, as well as the measured thickness of all films. As was calculated from the 
existing data, and determined by EDS in all multilayers, the average Ti/AI ratio 
was on the order of 1.1/1. However, considering the possible error within the 
detection limit of the XPS (~2-5 at. %), a value of 1/1 is both possible and 
expected as this was the ratio of the TiAl alloy target used in all depositions. This 
finding is inconsistent with the previous results published by both Park et al.[24] 
and Choi et al.t25], for sputtered Ti(i_X)AlxN/CrN films, as these publications 
reported a somewhat higher Al content in their films in comparison with the target 
composition when using x = 0.25, 0.5 and .67 targets. It was determined that the 
increased Al concentration was the direct consequence of higher sputtering yield 
rates of Al over Ti. However, according to Ohringt16], stoichiometric film 
deposition is maintained during sputtering due to a balancing change in the 
surface target composition that cancels out the sputter yield effect. Therefore, 
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stoichiometric deposition was both expected and experienced. In addition to 
these results, the Cr/(Ti+AI) ratio was also examined. In most multilayer films a 
1.8/1 Cr/(Ti+AI) ratio was calculated, with the 8 nm period resulting in a ratio 
closer to 1.3/1. For select samples; x-ray photoelectron spectroscopy (XPS) was 
also applied to both verify nitride formation, by determining nitrogen 
concentrations, as well as to measure oxygen content. For the TiAIN film the full 
elemental composition was determined to be 24.5% Ti, 25.0% Al, 44.7% N and 
5.8% 0. 
Table 4.1 Film Thickness, Period and Composition 
Sample Bilayer Period (A) 
Thickness 
(nm) 
Total # of 
periods %Ti %AI %Cr 
TiAIN/CrN 
ML 2nm 1270 750 18.8 16.9 64.3 
TiAIN/CrN 
ML 4nm 1340 375 18.2 17.4 64.4 
TiAIN/CrN 
ML 8nm 1220 188 22.8 21.0 56.2 
TiAIN/CrN 
ML 16nm 1160 94 18.9 16.3 64.8 
(TiAICr)N N/A 1040 N/A 24.7 21.2 54.1 
TiAIN N/A 12001 N/A 24.52 25.02 -
CrN N/A 12001 N/A - - -
Thickness estimated from calibrated deposition rates 
2Based on XPS analysis; also contained 44.7% nitrogen and 5.8% oxygen 
Figure 4. 1 presents a high magnification bright field cross-section TEM 
image of the 4 nm period TiAIN/CrN multilayer, where the substrate is located in 
the bottom left hand corner of the image. Figure 4. 2 shows the 2 nm period at 
77 
Figure 4.1 Bright field cross-section TEM image of the 4 nm period TiAIN/CrN multilayer 
lower magnification, with the film surface located at the lower left hand corner. 
(I.e. reversed image orientation) As can be seen in Figure 4. 2, a columnar 
structure is present throughout the film; as identified by the long grain boundaries 
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Figure 4. 2 Bright field cross-section TEM image of the 2 nm period at lower 
magnification. 
emanating from the upper right hand corner and directed toward the surface in 
the lower left hand corner. The initiation of the columnar grains reveal an initial 
competing grain growth with grain stabilization and significant columnar 
broadening with increasing thickness. Darker spotted shadowing dispersed 
throughout the columnar grains are reported as strain contrast by Choi et al.[25], 
resulting from as-deposited residual stress in the film. Color contrast is expected 
due to varying diffraction responses resulting from strain and density differences 
of the compounds making up the multilayer film. In Figure 4. 1 the color contrast 
reveals darker CrN layers, resulting from its higher atomic number, while the 
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TiAIN layers appear lighter. The alternating dark and light layers lying 
perpendicular to the columnar grains reveals a distinct and disrupted multilayer 
structure where the measured bilayer period is ~4.3 nm. Distinct layers are 
expected based on various supporting work. Wadsworth et al.[121 produced clear 
independent 3.6 nm multilayer TiAIN/CrN thin films at a deposition temperature of 
450°C, the same temperature bias used in the current work. While documented 
research in other studies of TiAIN/CrN films111,25], as well as in Wadsworth et 
al.t12], indicated significant diffusion did not occur in this particular system until a 
temperature of approximately 750 C was reached, well above the deposition 
temperature of 450°C in the current work. In addition, given the relatively low ion 
fraction in magnetron sputtering[45], and the substrate bias level of only -150V in 
the current study, it is not expected that extensive ion beam mixing would occur, 
contributing to dissolution of a discrete compositionally modulated structure. For 
these reasons, it is expected that all multilayer periods will also exhibit the same 
well-defined layered structure. However, as both targets were operated 
simultaneously and continuously during multilayer deposition (and alternately 
isolated with a physical shuttering system as described in section 3.1) a concern 
existed that alloying of the multilayers could occur due to potential ion scattering. 
(Even though sputtering is typically considered a line-of-sight method.) To 
evaluate the extent to which this was possible in the current set up, an additional 
experiment was considered with the independent deposition of Cr while the TiAl 
target was both running concurrently and shuttered during the entire trial. It was 
found by XPS analysis that, within the detection limit of ~2-5 at. %, no Ti or Al 
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was present in the as-deposited Cr film. This provides further assurance that 
compositionally differentiated multilayers are obtained with the current 
experimental setup. 
Figure 4. 3 depicts stacked XRD line scans for all multilayer depositions 
as well as the (TiAICr)N co-deposited sample. Each scan reveals three broad 
TiAlCrN 
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Figure 4. 3 XRD line scans for the multilayer and (TiAICr)N samples. For each scan the 
(111), (200) and (220) diffraction peaks of the rock-salt (B1) crystal structure are shown. 
individual peaks, corresponding to the [111], [200] and [220] diffraction peaks of 
a rocksalt NaCI-B1 crystalline structure, when plotted as 20 vs. an arbitrary 
intensity unit. These peaks occur at approximately 37°, 43° and 63°, 
respectively, and are consistent with values reported by Sun et al.t21] for the CAD 
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deposition of TiAIN/CrN multilayers with A = 7, 9 and 13 nm periods. Per 
Barshilia et al.[11], the visible peak broadening is stated to be both a function of 
finer grain size as well as a result of the presence of a single-phase fee NaCI 
superlattice structure, also reported for all TiAIN/CrN systems deposited in Sun et 
al. from 8 nm £ A £ 2.8 nm. The later conclusion is repeated by Ducros et al[42] 
for A = 8.5 and 190 nm period films. Moreover, Sun et al.[21] states that the 
singular broad peaks found in their research covered the range of the TiAIN (.416 
nm) and CrN (.414 nm) lattice parameters, making it difficult to observe individual 
peaks from each layer type in the multilayer samples, while Ducros et al.[42] 
concluded it was simply impossible to differentiate the two. Nonetheless, using 
Figure 4. 3, the average nanostructured lattice parameter was estimated for all 
multilayer periods simultaneously by approximating an average singular [111], 
[200] and [220] peak representative of the combined set of all individual 
multilayer line scans. (Represented by the three vertical dark lines located along 
the 26 axis.) This identified a singular angle for each peak and resulted in a 
calculated overall average TiAIN/CrN lattice parameter of a = 0.4173 nm for the 
current study. In the previous work by Barshilia et al.[11], a sputter deposited 5.6 
nm multilayer period thin film of TiAIN/CrN was found to have an average lattice 
parameter of a = 0.4224 nm. This value represents a ~2% difference from the 
current study, which falls between Barshilia et al.'s[11] reported lattice parameters 
of TiAIN (a= 0.4268 nm) and CrN (a = 0.4169 nm). However, as the current 
study has Cr/(Ti+AI) ratios of 1.8/1 and 1.3/1, vice the approximated 1/1 ratio 
found in the previous work by Barshilia et al.[11], it is reasonable and easy to 
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understand why the current average lattice parameter falls closer to the CrN 
value due to the increased amount of Cr and the corresponding increase ratio of 
the lower lattice parameter crystalline structure. 
With regard to relative magnitudes of the [111] and [200] orientations, the 
current work shows relatively strong [200]/[111] ratios for all multilayer films (from 
1.5 to 5), while the (TiAICr)N co-deposited film in this study reveals a ratio closer 
to .8. Patsalas et al.[46] refers to this ratio as a "normalized" texture parameter 
(T), as a value of T = 1 represents a condition in which no preferred orientation is 
present. In his study of monolithic TiN coatings, Patsalas et al.[46] discovered that 
higher substrate temperature and substrate voltage bias led to an increase in the 
[200] texture parameter. This was expressed to be a function of increased 
adatom ("adsorbed-atom") mobility, with increased substrate temperature and 
voltage. This allowed for the surface energy of the depositing film to reduce its 
overall energy by the formation of the lower surface energy [200] preferred 
direction. In that same study, the inverse was also found to be true. Decreased 
substrate temperature and bias resulted in a preferred [111] orientation. The 
[111] direction is said to be preferred with limited adatom mobility as this direction 
allows for the highest number of atoms per unit area to be incorporated into 
lowest energy sites. Cut off temperatures and bias were not provided for the 
temperature/voltage combination that would result in either of the particular 
preferred textures, but a substrate temperature of 27°C and bias voltage of -40 V 
led to the [111] structure while a temperature of 400°C and a voltage bias of -100 
V led to the [200] preferred orientation. This finding was said to be very 
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beneficial as TiN is an anisotropic material, i.e. the elastic modulus of the [200] 
direction (E[2OOI) was greater than the elastic modulus for the [111] direction 
(E[iiij). Therefore, the [200] direction offered greater hardness and higher 
density, both of which led to superior film performance. In fact, Patsalas et al.[46] 
found that there was a linear relationship between the increase in the texture 
parameter and an increase in the film hardness and elastic modulus, as well as 
the film density. As CrN and TiAIN are also both anisotropic nitride films it would 
be expected that the higher substrate temperature in the current study (450°C) 
and the higher voltage bias (-150 V) would also lead to a [200] orientation due to 
increased adatom mobility and the lower energy of the [200] surface. That being 
said, the 2.8 - 8 nm TiAIN/CrN multilayer films deposited by Barshilia et al.[11], as 
well as the 2.4 - 4.8 nm TiAIN/CrN multilayer films deposited by Wadsworth et 
al.[12J, both showed a dominant [111] direction for all multilayers deposited with 
an average T = .15 for Barshilia et al.[11] and an average T = .2 for Wadsworth et 
al.[12] Both Barshilia et al. and Wadsworth et al. deposited at relatively high 
temperatures and substrate bias. (300°C and -200V for Barshilia et al.[11] and 
450°C and -75V for Wadsworth et al.t121) In fact, a cursory literature review 
revealed six[17"21,25] other instances where the [200]/[111] ratio for TiAIN/CrN 
multilayers was published to be less than unity. Yet, what appears like a 
contradiction of the work in this study and that which has already been published, 
is actually not. As was described earlier in section 3.2.5, an area detector was 
used in the current experiments and the XRD line profiles were obtained after x 
(polar angle) integration of the area detector frame at the expense of texture 
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information loss. This allowed for the "total" number of [200] directions to be 
identified, even texture that was tilted off axis. In a typical XRD, as was used in 
the other publications identified; only the grains with planes lying perpendicular to 
the sample surface can be identified. Therefore, the area scan XRD line profile 
should be interpreted as a greater overall texture of [200]/[111] measured from 
some average off-axis angle to a direction perpendicular to the surface. 
However, it will be shown in the pole figures in section 4.2 that the current work 
also has a [111] texture perpendicular to the surface, as did the other multilayer 
publications referenced. Yet, why the [111] texture occurs in the multilayers vs. 
the [200] found in the monolithic nitride discussed by Patsalas et al.[46] is another 
matter altogether. This will be discussed further in section 4.3 and 4.4. 
In addition to the relative peak heights, it is also important to note the 
conspicuous absence of secondary satellite reflection peaks reported previously 
in other publications in the deposition of TiAIN/CrN multilayers111| 20'25], as the 
presence of these peaks were used in those publications to provide evidence of 
multilayer structures. However, there are many authors[12,17~19,211 which have 
deposited this same system that neither show nor discuss the presence of 
satellite peaks, yet are able to validate the existence of multilayers in these same 
films by SEM, LAXRD or TEM. Also, as argued by Chang et al.C20], when 
discussing the absence of multilayer diffraction peaks in LAXRD line profiles, 
"...highly non-planar layers" can contribute to diffraction peaks not being 
observed. Chang et al. demonstrated multilayers in these same samples by 
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SEM, and as can be seen by Figure 4.1, a disrupted highly non-planar layer 
exists in the 4 nm multilayer TiAIN/CrN film deposited in this study. 
4.2 TEXTURE ANALYSIS 
Pole figures, both [111] and [200], were obtained to investigate the order 
and orientation of the columnar grains and to gain insight into any correlation 
between long term order and the unique and distinct morphology present in these 
films. Figure 4. 4 presents a side by side comparison of the [200] pole figures for 
the TiAIN/CrN multilayer (all periods), the co-deposited (TiAICr)N alloy thin film 
and the constituent TiAIN film. In these figures the location and density of the 
bright areas provide information on both the preferred order as well as the 
directional misorientation between the texture (long term order) of the film and 
the surface normal. As can be seen a more random [200] texture is found in the 
TiAIN film, demonstrated by a relatively equal distribution of the brightened areas 
throughout, with only a small texture identified by the variation in light density in 
the lower right quadrant of this figure. On the other hand a [200] texture, tilted 
relative to the surface normal, is clearly present in all multilayer films and the co-
deposited (TiAICr)N film. This is evidenced by the ring of light off axis to the 
center of each figure, but with the center of the ring section located off of the 
center axis. Unfortunately, the direction of the deposition relative to the sample 
orientation was not recorded. However, if the 2 and 4 nm pole figures are 
rotated, such that the greatest intensity is in the same direction, they would lie 
nearly on top of each other. The same could be said for the 8 and 16 nm films, 
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Figure 4.4 Comparison of [200] pole figures for the TiAIN/CrN ML of varying periods 
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which reveal an overall texture closer to the surface normal. As stated previously 
in the experimental section, the software that was employed to create pole 
figures for this work does not provide the ring diameter, and therefore the angle 
of the reflections with the refracting plane normal cannot be determined in these 
figures. To attain this additional information, individual "rocking curves" were 
created. This was accomplished by changing the sample stage from an angle of 
54.7° to 90°, aligning both x = 0 to the sample surface normal and the sample 
surface normal to the incident x-rays. The sample was then rotated to the angle 
which aligned with the brightest area reflection previously identified in the pole 
figure and a single scan was then taken for each sample and integrated along 20 
and plotted vs. chi angle. This allows for a quantitative measurement of the 
degree of misorientation of the poles from the normal axis. Figure 4. 5 shows the 
resulting rocking curve taken from the 2 nm sample, revealing two peaks 
centered at an equal 15° away from the surface normal, but ranging from ~0 -
30°. As described above, the "sample was then rotated to the angle which 
aligned with the brightest area reflection", which explains why one peak is larger 
than the other, corresponding to the area of greater brightness in the right 
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Figure 4. 5 [200] rocking curve from the 2 nm TiAIN/CrN multilayer sample 
The TiAIN/CrN multilayer [111] pole figures for A = 2, 4, 8 and 16 nm 
period are presented in Figure 4. 6(a)-(d), respectively. Figure 4. 6(a) reveals a 
clear and distinct [111] texture directly perpendicular to the surface normal, as 
witnessed in the lighter area in the center of the A = 2 sample. However, it is 
clear that there is a large off axis texture of [111] in this same sample as well. 
Figure 4. 6(a)-(d) also reveal a progression in randomness in the [111] pole 
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figures with an increase in periodicity, which can result from both a lower fraction 
of the grains taking this orientation along with a greater random distribution of 
poles. The impact on the [111] texture with increasing periodicity is stronger than 
Figure 4. 6 Comparison of [111] pole figures for the TiAIN/CrN ML of varying periods 
the small preferred texture shift of the [200] direction toward the sample surface, 
associated with the same change in multilayer thickness as the [111] shift. 
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The above texture results are further supported by a direct comparison of 
the [111] and [200] Debye curves shown in Figure 4. 7. The curves were 
obtained with the same sample alignment as the rocking curve, but rotated as in 
TiAICr 
Figure 4. 7 Comparison of the (200) and (111) Debye rings with (200) on the left in each 
figure. 
the pole figures described above. In each figure the [111] Debye ring is 
presented on the right and the [200] on the left. The 2 nm sample shows the 
[111] curve intensity, along x = 0°, has greater intensity when compared to the 
[200] curve, identifying a [111] direction preferred texture perpendicular to the 
surface normal. On the other hand, the [200] curve in this same figure reveals a 
preferred orientation slightly off axis. In addition, the [200] Debye curve in the 8 
nm, the (TiAICr)N and the CrN films have greater intensity in the [200] direction, 
revealing a waning intensity in the [111] Debye curve for the multilayer sample 
91 
and presenting a progression to a more off-axis texture than the 2 nm film. A 
comparison on the [111] and [200] texture and the sample morphology will be 
discussed later in section 4.4. 
4.3 SURFACE MORPHOLOGY AND GRAIN STRUCTURE 
Surface morphology was examined by both AFM and SEM, while SEM 
was used independently for investigation of the film cross-section alone. A 
typical multilayer 5 pm square three-dimensional AFM roughness profile is 
presented at a 45° tilt in Figure 4. 8, for ease of viewing, while the compilation of 
surface roughness data for all multilayer, component and co-deposited films is 
Figure 4.8 Typical 5 pm square three-dimensional AFM roughness profile 
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shown in Figure 4. 9. As can be seen, surface roughness of the multilayer films 
decreases significantly with increasing bilayer period. Beginning at a reported 
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Figure 4.9 AFM surface roughness data for all films 
rapidly to approximately 25 nm Ra in the 4nm sample, slowly declining further to 
approximately Ra = 16 nm in the 16 nm period film (a value less than half of the 2 
nm period sample). In addition, the (TiAICr)N, TiAIN, and CrN films are also 
reported. The roughness of the co-deposited and constituent films were well 
below the surface roughness of all multilayer films, with CrN reporting the lowest 
surface roughness with an Ra = 8 nm value. However, overall, the multilayer 






consequently discourages the formation of highly planar multilayers, as exhibited 
in Figure 4. 1. 
Figure 4. 10 (a) thru (d) display a 25 kx magnification of the surface, and 
corresponding cross-section, of the A = 2, 4, 8 and 16 nm TiAIN/CrN multilayer 
films, respectively. The 2 nm sample, Figure 4. 10 (a), exhibits a sharp 
pyramidal structure with the apex of the pyramid at orientations varying from 
parallel (larger percentage) to perpendicular (smaller percentage) to the surface 
normal. The presence of secondary faceting is nearly non-existent in the 2 nm 
Figure 4.10 (A) thru (D) Surface morphology, and corresponding cross-section located 
directly below, for A = 2,4, 8 and 16 nm multilayer TiAIN/CrN multilayers 
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sample, while increased faceting, as evidenced in the gradual progression of the 
surface morphology in each frame, progressively blunts the sharp singular grain 
facets into the final more rounded "cauliflower" morphology shown in Figure 4. 
10(d). 
For ease of comparison, and to reveal greater detail in the morphology, 
portions of the same SEM surface scan areas were rescanned at a 50 kx 
magnification and joined in in Figure 4. 11 (a) thru (d), along equally scaled 1 pm 
Figure 4.11 50 kx image of surface morphology for A = 2,4, 8 and 16 nm multilayer 
TiAIN/CrN multilayers, scaled to approximately 1 |im edge length 
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edges. In addition, arrows have been added to these figures indicating locations 
where secondary facets can easily be identified; clearly marking the progression 
of faceting with increasing periodicity. Also, due to the SEM phenomenon of an 
increase in secondary electrons emitted from surfaces that are not aligned with 
the surface normal1161, the brighter portions of these figures reveal an orientation 
of the pyramid apex perpendicular to the sample surface, while shaded areas 
reveal regions with flatter features perpendicular to the surface. Figure 4.11(d) 
shows the final rounded morphology resulting from the nearly complete blunting 
corresponding with significant secondary faceting of all surfaces. 
The (TiAICr)N co-deposited film, as well as the TiAIN and CrN constituent 
films, were also analyzed for their potential contribution and likeness to the final 
multilayer surface morphology. As is demonstrated in Figure 4.12 (a), the 
(TiAICr)N film has a similar appearance to the larger period multilayer surfaces 
previously discussed. However, though the average nodule in the (TiAICr)N 
TiAICrN TiAIN CrN 
* 
(a) 
Figure 4.12 Surface morphology of the (TiAICr)N, TiAIN and CrN thin films 
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sample is of comparable size to the average nodule in the multilayer structure, 
and while it would be difficult to argue the presence of facets on the nodes of the 
co-deposited film, the (TiAICr)N morphology is clearly not as equilaterally 
symmetric and ordered as the multilayer sample, especially in the smaller 
multilayer periods, and appears to consist of smaller and longer independent 
(almost tubular) nodules that tend to grow together towards a common apex, 
sharing common edges. This is inconsistent with the single equal sided 
pyramidal structure that develops progressive facets on an original clean flat 
surface, as in the multilayer samples. In addition, the nodules of the (TiAICr)N 
film appear to consistently grow at a greater angle to the surface normal, unlike 
the multilayer samples, making it clear why the roughness for the (TiAICr)N 
sample, shown in Figure 4. 9, is less than any of the multilayer samples. The 
TiAIN morphology on the other hand, present in Figure 4. 12 (b), appears nothing 
like the co-deposited or multilayer films, consisting of a more tightly packed 
mixture of what appears to be a combination of both larger and smaller rounded 
nodules. As is evidenced by the common 200 nm scale, shared by all three 
figures, the average TiAIN nodule is approximately 10 to 20% the size of the 
(TiAICr)N sample, with a similar size ratio when measured against the multilayer 
samples. The final CrN surface arguably has the closest comparable 
morphology to any of the multilayers, and is most consistent with the greater 
faceted morphology of the 16nm period multilayer film. However, important 
differences still exist. First, the individual columns (grains) are smaller in size 
when compared to the 16 nm sample, averaging approximately 1A the average 
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column size of the multilayer sample. In addition, the columns have a greater 
degree of faceting, appearing rounder and are less consistent in size, throughout 
the CrN sample than is present in the 16 nm sample. Due to this, the roughness 
of the CrN sample was approximately Vz that of the 16 nm period sample. 
Nonetheless, it is clear that the morphology of the individual component films of 
CrN, TiAIN and the co-deposited (TiAICr)N alloy do not duplicate the sharply 
faceted and ordered structure of the multilayer structure, especially in the smaller 
periodicities, and therefore can be ruled out as contributors to the resulting 
multilayer structure. Likewise, as each of the films were deposited under 
identical parameters (except for the individual shuttering of targets for the 
development of multilayers) it is therefore easy to conclude that the morphology 
of the multilayer is solely dependent on the multilayer period and further supports 
the assumption of distinct multilayer modulation of all deposited periods. As a 
final note, with regards to deposition on silicon substrates, the possible impact of 
just the deposition temperature on the development of the surface morphology 
was also investigated. This was accomplished with an additional deposition of a 
second 4 nm period multilayer at identical parameters, with the exception of a 
lower 300°C temperature of the substrate. The decreased temperature resulted 
in a finer grain structure and a higher percentage of C^N vs. CrN . However, a 
self-similar faceted morphology developed, as evidenced in Figure 4.13 showing 
the side by side comparison of the 300 and 450°C depositions of the A = 4 nm 
period at the same scale. 
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Figure 4.13 25 kx magnification of 4 nm surface morphology at 300 and 4500 deposition 
temperatures 
Though these morphologies exist as described when deposited on [111] 
silicon, it is one of the intents of this work to develop coatings for carbide inserts 
to enhance tool life. Therefore, the possible differences when deposited on 
substrates other than silicon were required to be evaluated. In this regard the 
morphology for the same A = 2, 4, 8 and 16 nm periods, deposited under the 
same parameters, were investigated on polished (approximately 5 minutes with 
.05 |jm Alumina to remove oxidation and contamination on surface) WC-4wt% Co 
ISO SPGN 120308 carbide inserts. As can be seen in Figure 4.14, a similar 
progression occurs in the morphology with an advancing multilayer thickness. 
However, the progression begins with an amount of faceting on the 2 nm sample 
more comparable to the 4 or even 8 nm period samples when deposited on 
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Figure 4.14 Surface morphology for A = 2,4,8 and 16 nm multilayer TiAIN/CrN multilayers 
on polished WC-4wt% Co ISO SPGN 120308 carbide inserts 
silicon. Progression of the 4 nm morphology on WC is more comparable with the 
16 nm sample on silicon, and the 8 and 16 nm samples on WC proceed past 
anything previously seen on Si. In fact the higher nm periods on WC appear to 
lose their independent columnar structure in favor of what appears to be a more 
continuous matrix with macro particles on top of the matrix. The advancement of 
faceting progression is assumed to result in part from the increase of roughness 
of the WC insert substrate surface as compared to the silicon surface. 
With regards to the fractured cross-sectional views contained in Figure 4. 
10, a columnar structure is revealed in all multilayer films. Choi et al.[25] states, in 
his publication on the thermal stability of a 9 nm period TiAIN/CrN multilayer 
films, that a columnar structure is typical of sputter-deposited coatings and 
results from deposition temperatures significantly below the melting point. 
Proceeding to paraphrase the work of Mazor et a 1.1471 stating that columnar 
growth is controlled by the competition of discrete atomic deposition and surface 
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diffusion. However, Choi et al.(25] gives little additional detail to the consistency 
or progression, if any, in the columnar growth of the samples they deposited. In 
the current study, and in all multilayer periods, the film consistently begins with a 
tightly packed finer grain structure that progressively develops into more distinct 
columns, revealing that the columnar structure develops as the film grows. Once 
the columnar structure is established at - 1/5th the film thickness, column 
broadening is witnessed in the progressive growth of the film. To further 
understand this phenomena the "Columnar Growth in Thin Films" citation of 
Mazor et al.l47] was surveyed and the following information gained. According to 
Mazor et al.I47]; the microstructure of these films (deposited between 30 - 45% of 
the metals melting temperature) begins with initial bimodal grain size distribution 
of lower energy surfaces (~10%) and higher energy surfaces (~90%). The lower 
energy surfaces, typically the [200] surface, begin to overtake the higher energy 
surfaces as a rapid transition occurs from high to low surface energy preferred 
grains. Mazor states that this competition for preferred orientation stabilizes very 
early in the film growth, followed by additional coarsening as the film grows to 
reduce the overall energy in the film. This is very consistent with the growth 
mechanisms displayed in Figure 4.5, but, as stated above, does not match the 
[111] preferred orientation shown in the XRD results of various works on 
TiAIN/CrN.[11"12,17~21,253 It also does not account for what appears as significant 
columnar grain coarsening in the 2 and 4 nm period multilayers, nor the more 
constant columnar diameter established in the higher 8 and 16 nm periods. 
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Leaving one to consider other possible, yet not identified, mechanisms 
responsible for this growth behavior. 
4.4 CORRELATION OF SURFACE MORPHOLOGY AND TEXTURE 
The clearest and most complete explanation of preferred direction, 
columnar structure and morphology is offered in the extended zone models of 
sputter deposited monolithic thin films by Mahieu et al.[48) Of particular interest 
are the Zone T and Zone II models. In Zone T films, Mahieu et al.[48], assumes 
that faceted nuclei randomly form on the surface of the substrate with the facets 
comprised of planes with the lowest perpendicular growth rates. The lowest 
growth rate planes are determined by, among other things, the number of 
nearest neighbors, which impacts both the sticking coefficient and the adparticle 
mobility on that surface. Mahieu states that with compound molecules, and a 
molecular reactive gas, the {100} has the least number of nearest neighbors and 
therefore the lowest perpendicular growth rate. Mahieu also states that under 
these conditions the [111] direction will be the fastest growth direction. While the 
randomly oriented nuclei are allowed to grow freely, with no interaction with their 
neighbors, each face of the faceted nuclei will grow evenly outward at every time 
step as further adparticles arrive on the surface. However, when the grains 
come in contact with each other it is assumed that further deposition allows for 
adparticles to move freely across the surface of the grain, as well as allowing for 
jumps from grain to grain. However, it is assumed that no restructuring or 
recrystallization takes place at the temperatures and bias conducive to Zone T. 
102 
As a result, overgrowth occurs (see Figure 4.15) where the fastest growing 
direction (containing the most tilted facets) takes over competing grains. This 
results in a morphology, shown in Figure 4.16(b), which is of a TiN thin film 
grain b 
gram a 
Figure 4.15 Overgrowth of faceted grains from Mahieu et al.[4S] 
I !  I )  
Figure 4.16 Zone T (b) and Zone II (c) surface morphology in Titanium Nitride thin films 
deposited by reactive sputtering from Mahieu et al.[48] 
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deposited by Mahieu with a reactive gas rate of 5 seem N2 and is almost identical 
to the 2 nm period TiAIN/CrN multilayer sample morphology deposited in the 
current study and shown in Figure 4.10(a). As stated above, Mahieu et al.l48] 
explains that the Zone T morphology is a function of multiple variables, such as 
adatom mobility, the state of the adparticles, and the state of the reactive gas. 
Yet, in the particular case presented by Mahieu et al., the Zone T structure and 
morphology was shown to be a function of the reactive gas flow alone. An 
increase to 20 seem N2 flow rate resulted in the Zone II structure and the surface 
morphology shown in Figure 4.16(b). As can be seen, this morphology is nearly 
identical to the morphology of Figure 4. 10(d), the 16 nm period TiAIN/CrN film 
deposited in this study. Mahieu et al.l48] explains that the Zone II morphology is 
caused by an increase in energy flux at the sample surface, an increase in 
adatom mobility, as well as restructuring and recrystallization which results from 
previously chemisorbed and stable atoms becoming active. In addition, unstable 
islands are dissolved into more stable islands, so the evolutionary crystal facets 
no longer exist. Finally, the whole film is allowed to move towards its most stable 
thermodynamic level, causing a change in preferred orientation of the film to the 
[200] preferred texture perpendicular to the substrate, reducing the overall 
sample surface energy. 
Independent verification of the effects of multilayer period on surface 
morphology has not been widely investigated. However, two studies149'501 have 
reported measured roughness as a function of bilayer period. The first study'491 
of which was on Ti/TiB2 multilayers. In this study it was found that roughness 
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decreased with increasing bilayer period, with a minimum roughness reported at 
a multilayer period of 2.4 nm, increasing slightly at A = 1.9 and to a greater 
degree at 1.1 nm. However, in this same study, it was found that multilayers 
greater than 2.4 nm resulted in a significant increase in roughness, reaching 4.95 
nm roughness at A = 9.8 nm. The second studyl50], on CrN/Si3N4 multilayers, 
found an increase in roughness with bilayer period from 0.22 nm to .71 nm, 
resulting for multilayer periods of A = 4 nm to A = 40 nm, respectively. In both of 
these cases the constituent layers were significantly different in structure and 
composition, and therefore, each layer deposited would (in most cases) need to 
re-nucleate at the interface of the layered structure. This would result in a finer 
grain size with smaller bilayer period, and would ultimately be expected to 
produce a smoother surface. In contrast, for the present system, the similarity of 
crystal structure and lattice constant of the two layer types leads to epitaxial 
continuation at the underlying layer, as shown in previous studies124,25]. Hence, 
re-nucleation is not expected to be a factor. 
With the combined information from above, the surface morphology in the 
current study can now be considered relative to the film texture. In the A = 2 nm 
film, the surface appears highly faceted. Specifically, numerous pyramidal-
shaped surface morphology with triangular bases dominates the surface, see 
Figure 4. 11(a). Combining this information with the [200] and [111] pole figure 
and Debye curve information (Figure 4.4, Figure 4. 6 and Figure 4. 7), indicating 
in the lower multilayer periods an overall [111] preferred texture perpendicular to 
the surface, an off axis [200] texture, as well as a competing growth of [200] vs. 
105 
[111], suggest that the [111] texture normal to the substrate is the pyramidal peak 
direction, with (200) faces exposed on the column top surfaces. This further 
indicates that formation of the large-scale (100-200nm) pyramidal structures in 
the A = 2 nm film is a reflection of the atomic-level rocksalt B1-type structure, 
which is now understood to be a result of an overgrowth of grains in a Zone T 
structure as explained by Mahieu et al.[48]. However, examination of other areas 
in this figure shows grains where the surface face (now identified as the (200) 
face) is nearly parallel to the substrate (see arrow in Figure 4. 11(a)). Validating 
both the growth competition and the presence of a random off axis [111] texture 
as well. As noted in Figure 4. 10(b-d) and Figure 4. 7, as the periodicity 
increases the [111] poles become more random with lower overall intensity, 
which results in a more dominant [200] preferred texture in the higher period 
multilayers. This is consistent with the morphology of the increasing multilayer 
period exhibiting secondary faceting, breaking up the smooth crystal faces 
previously observed, and the [111] texture disappearance coinciding with the 
prominent [111] pyramidal structure reduction and eventual loss. The driving 
force for this secondary faceting is to ultimately create curved surfaces at the 
column tops, as the curved surface minimizes overall surface tension. Shown in 
the final rounder morphology evident in the A = 16 nm sample, Figure 4.11(d). In 
addition, it is also not surprising that with the decrease in the [111] texturing 
surface roughness decreases in a similar manner. Therefore, the texture data of 
Figure 4. 9 and the relative (200)/(111) intensities, Figure 4. 7, also agrees well 
with the roughness and morphological observations. 
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Therefore, what becomes the obvious question is why in the TiAIN/CrN 
varying multilayer period structures, deposited in this study, exhibit a Zone T 
([111] preferred direction, {200} crystal habit, coarsening columnar structure with 
highly faceted morphology) and switches to a Zone II ([200] preferred direction 
with flat features and even columns) when all other parameters except for the 
multilayer period were kept constant. One possible hypothesis to explain this 
behavior is that because of the high interfacial energy density in the finer-scale 
multilayers, it is energetically more favorable to expose the lowest energy faces 
(the (200) faces), at the cost of increasing the overall surface area, and therefore 
energy. (Calculations of the surface energies in TiN[51] showed that the surface 
energy of the (111) surface is about 4-5 times higher than that for the (200) 
surface.) At higher periodicities (larger A), the multilayer interfacial energy 
density is lower and the system can avoid creating the highly faceted structure, 
resulting in more rounded column tops, a behavior more consistent with a 
monolithic film. It is interesting to note then that as the multilayer period 
becomes finer the pyramidal surface morphology dominates, but the co-
deposited (TiAICr)N film (representing the limit of reduced multilayer thickness) a 
similar pyramidal structure was not observed. While the progression from finer 
periodicities to a homogeneous structure appears logical, energetically the 
opposite is true. The total interfacial energy due to the multilayers is in fact 
reduced as the period length increases, and in the limit of a homogeneous film 
there is no such interfacial energy. The absence of a pyramidal structure in the 
(TiAICr)N film (or TiAIN or CrN films) suggests that the observed changes in 
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surface morphology are driven by thermodynamic, rather than kinetic, 
considerations'481. 
4.5 HARDNESS 
4.5.1 NANOINDENTATION TESTING 
The corresponding nanoindentation hardness values for all TiAIN/CrN 
multilayer periods, along with the co-deposited (TiAICr)N alloy film, are reported 
in Table 4. 2 and graphically represented in Figure 4.17. As can be seen, the 
Table 4. 2 Hardness values for multilayer and alloy films 
A = 2 nm A = 4 nm A = 8 nm A =16 nm (TiAICr)N 
Hardness (GPa) 9.0 13.8 12.8 16.9 18.3 
Std Dev 1.3 1.8 1.8 2.2 1.7 
hardest film (the (TiAICr)N co-deposited alloy) was measured at 18.3 GPa and 
the softest film (the A= 2nm multilayer) at 9 GPa. The current work also reveals a 
local maximum hardness at a period of 4 nm, though the increase in hardness is 
within the reported error of the measurement. This is then followed by a small 
dip in hardness at the 8 nm period and an approximate 10% increase in 
hardness at the 16 nm period. Previous work by Barshilia et al.[11] and 
Wadsworth et al.[121 both reported local maximum peaks at 6.4 and 3.6 nm, 
108 
respectively. Barshilia et al.[11] reported on TiAIN/CrN multilayer periods from 2.8 
to 8 nm, at a Cr/(Ti+AI) ratio of ~1:1 for all periods, and a maximum hardness of 
38 GPa discovered in their A = 6.4 nm film. Wadsworth et al.[12) also performed 
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Figure 4.17 Nanoindentation hardness values for all multilayer and co-deposited alloy 
films 
research on TiAIN/CrN multilayer periods, from approximately 2.4 to 4.8 nm, 
while varying thickness of the Cr layer to control the multilayer period. In 
Wadsworth et al.'s[12] experiments the - 3.6 nm multilayer period film had an 
approximate 1:1 Cr/(Ti+AI) ratio and a maximum hardness of - 33 GPa. In both 
of the previously discussed publications the maximum hardness values were 
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identified as global peaks, within the range of the data that was reported, with 
hardness values dropping off considerably in both publications with increasing 
and decreasing periods. In the current work, the local peak at 4 nm is more 
consistent with Wadsworth et al.[12] which reported a local peak at 3.6 nm. 
However, with increasing period Wadsworth et al.[121 experienced a decrease in 
hardness, recording a value closer to 20 GPa in their - 5 nm period film. That 
work however, consisted of a two variable change, with both an increase in 
multilayer period as well as an increase in Cr content. Barshilia et al.(11], 
depositing 1:1 TiAI/Cr rations, reported an increase in in hardness up to the 6.5 
nm period multilayer before dropping off approximately 15% in the 8 nm film. 
Therefore, it is likely that Wadsworth et al.l12] may have seen a premature drop in 
hardness due to an increase in CrN content, which Barshilia et al.[11] states has a 
hardness of approximately one quarter of that of TiAIN. In addition, as both 
deposited films £ 8 nm, it is possible that the identification of increased or a 
continued level of hardness at higher multilayer periods was missed. 
In addition to the impact of multilayer on hardness, the roughness values 
were also plotted to determine the impact on the reported hardness values. As 
can be seen in Figure 4.18 there is an approximate linear decrease in the 
nanoindentation hardness readings with increasing roughness, which also relates 
to increasing period (as shown below). Therefore, it is likely that the roughness 
impacts the nanoindentation hardness readings, and the previously reported 
hardness increases with increasing multilayer is enhanced by the impact of 
roughness beyond the singular hardening effects typically documented to result 
no 
from interfacial strain or dislocation impedance in multilayer structures. Overall, 
though, the nanoindentation hardness values in the current study were 
approximately Vz to 1/3rd the values reported by both Barshilia et al.{11] and 
Wadsworth et al.l12], and there are multiple reasons why this may have occurred. 
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Figure 4.18 Multilayer hardness vs. roughness 
First, as stated above, Barshilia et al.[11land Wadsworth et al.[12] both reported 
that their highest hardness values were found in 1:1 Cr/(Ti+AI) ratios. In addition, 
Wadsworth et al.'s1121 study revealed that with an increase of a Cr/(Ti+A)l ratio to 
~ 1.4/1 in their 5 nm multilayer, a hardness of approximately 20 GPa resulted. 
Though this value is in closer agreement to the current study, the Cr/(Ti+AI) ratio 
of the TiAIN/CrN films was closer to 1.8/1 in the present work, for all layers with 
the exception of the 8 nm period. Following the trend reported by Wadsworth et 
in 
al.[12], it would be realistic to expect a further drop in hardness associated by an 
increase in CrN content which Barshilia et al.[1il reports has a hardness value of 
only 10 GPa. This is further supported by the prediction of the rule of mixtures, 
as TiAIN is known to be almost 4 times harder than CrN. Therefore, the higher 
the chromium content the further the decrease in hardness is expected. This 
information alone provides greater confidence in the reported hardness values in 
the current study. However, like Wadsworth et al.[121, which experienced a 
reported measurement uncertainty of approximately 10%, an inordinate amount 
of data scatter was observed in the current study hardness testing. It was 
imagined that this was due to the inherent roughness of the multilayer films. 
Therefore, to compensate for this, the maximum indentation load was increased 
from 5 mN to 15 mN and resulted in both an adequate mapping of the load 
deflection curve as well as a reduction in the data scatter. However, this also led 
to an increase in film penetration depth to ~ 15 - 20% of the overall film 
thickness. As the penetration depth was over the common allowable 10% depth 
threshold for hardness readings, it is likely that the Si substrate contributed to the 
overall hardness of the sample. Barshilia et al. reports a silicon substrate 
hardness of < 11 GPa, and would therefore also act reduce the overall reported 
hardness of the film. 
4.5.2 MICROHARDNESS TESTING 
To validate the above hypothesis, additional microindentations were made 
with a Knoop indenter as described in the experimental section of this thesis, the 
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results of which are shown in Figure 4.19. As can be seen the -30 GPa values 
reported by microindentation are on the order of the values reported by both 
Barshilia et al.t111 and Wadsworth et al..[12] In addition, a review of the work of 
Park et al.t241, see Figure 2.12, reveals similar hardness magnitude values and a 
similar profile out to a 10 nm bilayer period for TiAIN/CrN multilayers with a Ti/AI 
ratio of approximate 1. Therefore, as stated earlier, the nanoindentation 
hardness values likely suffer from significant roughness and penetration depths 
that are impacted by the substrate effect. 
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Figure 4.19 Microindentation hardness values for all multilayer films 
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4.6 OXIDATION 
Five individual samples, of each multilayer period, were placed in a 
furnace and heated in-air for one half hour at constant temperatures of 650, 750, 
850, 950 and 1050°C. Stacked XRD line profiles of the results are presented 
below in Figure 4. 20. All multilayer samples exhibit broadening of the TiAIN/CrN 
superlattice peak between 850 and 950°C, with a reduction in the relative peak 
XRD 26 Profflo of TIAM/CrN ML (X • 2nm) Oiddition MtO 2* ProMo of TUUN/CrN Ml (X • 4nm) OuMMkm 
7S0 *C 
2-Th«ta 2-Thcta 
XRD 20 Profile of TIAM/CrN ML (X • 8nm) Oxidation XRO 20 Profile of TiAM/CrM Ml (X • 16nm) Oxttatton 
2-Thotl 2-Tb«ta 
Figure 4. 20 Stacked XRD line profiles of oxidized multilayer films at various temperatures 
height in all but the 8 nm period sample. This phenomena likely result from the 
onset of oxidation marked by both the disassociation of N in CrN in the phase 
114 
transformation from fcc-CrN to h-Cr2N[9] as well as the formation of the Ti02, 
Cr203and Cr2N peaks. (Note: h-Cr2N peaks appear at 37.35, 40.19, 42.61, 
43.40, 48.14, 56.01 and 63.43 degrees 2-Theta, but were omitted for clarity.) By 
1050°C all samples display both strong Ti02 and Cr203 peaks, with further 
corresponding reduction in the TiAIN/CrN peaks, revealing a significant quantity 
of the original film has oxidized at this temperature. Barshilia et al.[11] reported 
weak Al203 oxidation peaks in their 5.6 nm TiAIN/CrN multilayer, beginning as 
early as 800°C. However, the multilayer films contained in that study had an 
approximate 1:1 Cr/TiAl where the current study produced ratios closer to 1.8/1. 
Delayed oxidation with an increase in Cr content is consistent with Wadsworth et 
al.t12], which showed an increase in oxidation temperatures of TiAIN/CrN 
multilayers resulting from both an increase in Cr content as well as associated 
increase in multilayer period. Additional results from the Thermogravimetric 
Analysis (TGA) in the Wadsworth et al.[12] study showed that the approximate 2.4 
nm period TiAIN/CrN film exhibited traces of oxidation as early as 600°C, where 
the onset of oxidation was retarded to approximately 825°C for the 4.8 nm period 
multilayer comprised of an approximate CrN/TiAIN ratio of 1.4/1. As the 
Wadsworth et al.[12] work consisted in the change of two parameters, both the Cr 
comment and the multilayer period, and the current work is isolated to changes in 
the multilayer period alone, it can be asserted that the change in oxidation 
resistance of the various multilayer period films deposited by Wadsworth et al.[12] 
was primarily a function of the Cr/TiAl ratio. 
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Figure 4. 21 adds for comparison both the constituent TiAIN and CrN 
films, along with the co-deposited (TiAICr)N film, all placed alongside the 
previously displayed 2 nm period TiAIN/CrN sample for comparison. As in 
Barshilia et al.[11], the increase in annealing temperatures results in a slight peak 
shift of the TiAIN sample to higher 29 values, prior to oxidation. Barshilia et al.[113 
attributed this to the relaxation of residual stresses that typically occur in bias 
sputtered transition metal nitrides. In this study the TiAIN film becomes fully 
XRD 20 Profit of TiAIN/CrN Ml (A « 2nm) Oxidation 
2-Thcta 
XRD 20 Profila of CrN Oxidation 
2-Thtta 
XRD »Pro«« of TiAIN Oxidation 
2-Thtta 
XRD 26 Profit of (TIAICr)N Oxidation 
§ 3 § s g s  §  5 § § §  
MM «MO if BO 4400 M.0B UM *00 
2-Th«U 
Figure 4. 21 Stacked XRD line profiles of oxidized 2 nm, CrN, TiAIN and (TiAICr)N films at 
various temperatures 
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oxidized between 850 and 900°C, where Barshilia et al.[11] identified oxidation as 
early as 800°C. Regardless, it was found in both studies that the oxidation 
temperature for TiAIN was reported below the multilayer period oxidation 
temperature. On the other hand, the CrN film showed signs of oxidation below 
the minimum 750°C heating temperature used in this study. This is consistent 
with J. Lin et al.E9] which demonstrated that free standing CrN films, 
approximately 1-3 |jm thick, oxidize as early as 600°C. Finally, the (TiAICr)N film 
appears to remain stable up to 850°C; exhibiting peak broadening, modest oxide 
development and reduction in relative peak height of the principle peaks between 
850 and 950°C. Strong oxide formation of this film is revealed at 1050°C. 
In comparison; the XRD line profiles reveal full oxide development of the 
CrN film below 750°C, while oxide formation occurs for the TiAIN sample 
between 850 and 950°C. Oxides are also identified in the (TiAICr)N film 
between 850 and 950°C, but the oxide formation is more moderate in the 
(TiAICr)N film then in the TiAIN film. The TiAIN/CrN multilayer oxidation also 
begins between 850 and 950°C, as evidenced by peak broadening and peak 
height reduction, but overall oxidation appears less than the (TiAICr)N film, as will 
be evident later in the cross-section SEM, and does not show the formation of 
oxides to the extent demonstrated in the TiAIN film until between 950 and 
1050°C, for all periods. Therefore, it can be stated that the formation of the 
multilayer structure, at any of the periods deposited in this work, acts relatively 
equally to retard the formation of oxides. While the co-deposited (TiAICr)N film 
has greater thermodynamic stability than the TiAIN or CrN films deposited 
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independently, and is comparable to the TiAIN/CrN multilayer depositions for the 
onset of oxidation. 
To validate these hypotheses, the surface morphology, Figure 4. 22, and 
cross-sections, Figure 4. 23, of oxidized films are presented at 30 kx 
magnification. Both the surface morphology and cross-sections are presented 
for selected samples after being oxidized for 30 minutes at 950°C. Figure 4. 22 
shows a similar formation of porous oxide in the TiAIN/CrN multilayers, with a 
comparable structure forming in the (TiAICr)N sample. The TiAIN sample, 
however, shows the origin of large oxide "rosettes" with the addition of cracks 
and delamination of the coating. Further investigation of the TiAIN film in the 
cross-section view, Figure 4. 23, reveals that a significant amount of the film has 
4 
* 
16 nm (TiAICr)N 
, * TiAIN' 4 nm 
J I 
1 pm 
Figure 4. 22 Morphology of 950°C oxidzed 4 nm, 16 nm, TiAIN and (TiAICr)N films 
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Figure 4. 23 SEM cross-section of 9S0°C oxidzed 4 nm, 16 nm, TiAIN and (TiAICr)N films 
oxidized, reaching completely though thickness in areas near cracks in the film 
surface. On the other hand, the Ti02 and Cr203 oxides forming on the surface of 
both the 4 and 16 nm TiAIN/CrN multilayer periods appear to have similar size, 
distribution, roughness and porosity. However, the level of oxidation, 
approximately 1/3rd the thickness for the 4 and 16 nm period films and 
approximately for the (TiAICr)N film, see Figure 4. 23, reveals a greater extent 
of oxidation appearing in the (TiAICr)N film. 
4.7 INSERT WEAR AND PERFORMANCE 
Figure 4. 24 shows the results on tool performance testing of WC-4wt% 
Co ISO SPGN 120308 carbide inserts, coated with approximately 3um thick 
TiAIN/CrN multilayer films consisting of 2, 4, 8 and 16 nm periods. The various 
curves represent an average of two to four separate tooling experiments, per 
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multilayer test, which were performed on the same workpiece and turned dry 
against A2 Tool Steel (per ASTM A681), at a Depth of Cut (DOC) of .75mm, a 
feed rate of .15 mm/min and a constant surface speed of 305 m/min. The only 
variable in these experiments was the multilayer period. As can be seen, the 
multilayer period has a significant impact on tool performance. The data reveals 
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Figure 4. 24 Flank wear vs. time of TiAIN/CrN multilayer films 
that a minimum coating period between 2 and 4 nm is required for an effective 
coating that will perform with an extended tool life. The 4 nm period multilayer 
outperforms the 2 nm sample approximately 4:1 at a measured flank wear of 
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approximately .6 mm (the most commonly used tool-life criterion for high-speed 
steel, sintered carbide and ceramic tools per the international standard, ISO 
3685:1993(E), Tool-life testing with single-point turning tools[151). If, however, a 
value of .7mm is used for maximum flank wear (as dynamic failure is not seen 
below this value for all multilayer periods > 2 nm) a performance ratio of 
approximately 4.5:1 can be achieved. Figure 4. 24 also reveals a maximum tool 
life of 6.75 minutes for the 4 nm period sample, while applying the same .6 mm 
flank wear requirement. However, in these same conditions the 8 and 16 nm 
multilayer periods achieve a maximum tool life of only roughly 5 minutes. This 
Flank Wear vs. Time 











Figure 4. 25 Flank wear vs. time of multilayer films with the addition of (TiAICr)N alloy 
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suggests a multilayer period value around 4 nm is the most efficient multilayer 
period for the longest tooling life and results in a tool life ratio of approximately 
135% over the 8 and 16 nm samples. Figure 4. 25 adds the additional data 
taken from an approximate 3 um thick (TiAICr)N alloy thin film, also deposited on 
WC-4wt% Co ISO SPGN 120308 carbide inserts, and turned under the same 
parameters. As can be seen, all TiAIN/CrN multilayer periods (with the exception 
of A = 2 nm period) outperform the co-deposited (TiAICr)N alloy at the .6 mm 
flank wear criteria. The 8 and 16 nm tool life ratio reaches approximately 1.25:1 
over the (TiAICr)N sample and the 4 nm period attaining an approximate 1.4:1 
ratio in tool life performance. It is interesting to note, however, that the (TiAICr)N 
co-deposited alloy does not dynamically fail until 8.25 minutes, approximately 
114% better than the 4 nm period multilayer. 
4.8 EFFECT OF MORPHOLOGY AND TEXTURE OF MULTILAYER 
COATING ON CUTTING PERFORMANCE 
Kharis et al.[13] identified three distinct stages of wear present in flank wear 
tooling tests, which he concluded from dry and wet cutting of SAE 4140 steel with 
TiAIN coated WC-6wt% Co ISO VBMT 160408 inserts at 210 to 410 m/min. 
These stages were identified as "running into wear", semi-steady state or gradual 
wear, and catastrophic wear. These stages were also identified in the work by 
Y.J. Lin et al.[4] and Jindal et al.[5], to name a few. It was further identified by 
Kharis et al.I13] that in dry high speed cutting conditions the early stages of flank 
wear was governed by severe micro-abrasion, progressing to a period of edge 
122 
chipping, and concluding with micro-fatigue cracking of the coating layer; 
eventually leading to spalling of the film. This was reported by Kharis et al.[13] to 
be applicable for dry turning speeds from 210 m/min to 410 m/min, and said to be 
similar to the observations of TiAIN coated milling inserts in the work by J. Gu et 
al.[52] (Note: at 310 m/min Kharis et al.l13] reported a tool life of -9 min at the .6 
mm max flank wear criteria.) 
Looking back to Figure 4. 24, and defining a new arbitrary flank wear 
criteria of .2 mm of wear (to approximate an "early stage of wear"), it can be seen 
that the tooling life ranks in the order of multilayer period. I.e. the 2 nm fails 
quickly (~ 40 seconds)), followed by the 4 and 8 nm samples (which fair slightly 
better at approximately 45 seconds), finishing with the 16 nm period (failing at ~ 
70 seconds). As hardness has a well-documented and understood inverse linear 
relationship to adhesive and abrasive wear, it is reasonable to conclude that the 
micro-abrasion portion of the tooling wear would be related to the coating 
hardness. That is to say if the earliest portion of wear is governed by micro-
abrasion alone, then the wear rates should align themselves with hardness. 
However, as can be seen in Figure 4. 19, a plot of microhardness vs. the 
multilayer period, that the 4, 8 and 16 nm films have relatively equal hardness. 
Yet, the data in the earliest stages of wear (under 1 minute) shows that the 16 
nm film outperforms both the 4 and 8 nm film by a significant amount (~135% 
more). While the 2 nm, which has approximately AA the hardness of the 4 thru 16 
nm periods performs slightly worse than the 4 and 8 nm with - 90% of the tool 
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Figure 4.26 Cutting time, at .6 mm failure criterion, vs. microhardness values 
life. In fact, following the 16 nm wear curve upward it can be seen that this film 
outperforms ail others up to approximately .5 mm of wear, which is over half of 
the total lifetime of the best performing tool and ~ 80% of the total flank wear 
before dynamic failure. Therefore, it is necessary that other significant 
mechanisms besides abrasive wear come into play. In addition, as oxidation 
resistance and rates were shown to be relatively the same for all multilayers, it is 
unlikely that this is has a large contribution to the wear mechanism and in turn 
govern the separation in performance of the multilayers. 
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Therefore, the question that begs to be asked is what mechanism allows 
for the 4 nm film to outperform the rest. The clues to the answers can again be 
found in the previous work of Kharis et al.. When the samples enter the second 
stage of wear, the previously defined steady state or gradual wear stage, the 4 
nm period film progresses at a more gradual slope than the 8 nm, while the 16 
nm has a much sharper slope than both the 4 nm and 8 nm samples. This 
directly translates into a faster wear rate in this region. If this stage is governed 
by micro-fatigue and spalling, as stated by Kharis et al., it is clear that the 4 nm 
sample mechanically performs better in these conditions, and must act to arrest 
the crack propagation better than the other films, or simply prevent it from 
happening on a larger scale. Remembering the morphology of the 4 nm sample 
deposited on the WC-4wt% Co indexable inserts in Figure 4. 14, the morphology 
of the 4 nm sample still had the columnar structure with a significant amount of 
secondary faceting while the 8 and 16 nm samples showed a more continuous 
matrix with what appears like spherical islands or macro particles. Kharis et al. 
showed in SEM surface views of his TiAIN monolithic films, deposited on carbide 
inserts and ran dry at 410 m/min, that TiAIN "surface droplets" were "worn out 
and plucked away" by metal flow. Stating that Gu et al. had made similar 
observations. In addition, Kharis stated that the initiation of the fatigue cracks 
"started from the biggest TiAIN micro-droplets which were deposited on the 
inserts by the PVD process". It appears then that the existence of the columnar 
multi-faceted tops of the 4 nm sample do not have the same failure mode as the 
8 and 16 nm period samples which reveal the presence of the macro particles 
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when deposited on WC-4wt% Co. Therefore, the columnar structure is far more 
beneficial in the second regime of tool wear where failure is governed by micro-
fatigue and spalling initiated at macro particle sites. 
4.9 EFFECT OF WORKPIECE MATERIAL MICROSTRUCTURE ON 
CUTTING PERFORMANCE 
One final experiment was performed on identical 8 nm period TiAIN/CrN 
coated inserts run against two separate purchases of as-received ASTM A681 
certified A2 tool steel stock. The purpose of this experiment was to verify the 
impact of microstructure on wear rates and tool life predictions. As described in 
section 3.2.6.2, through thickness hardness values were taken on an 
approximate two inch cut from the end of each as received workpiece. In 
addition the microstructure of each stock piece was also analyzed. The 
purposes of these efforts were to ensure that the stock variations had minimal 
impact on the outcome of the tooling experiments. The hardness tests resulted 
in relatively the same average though thickness values, with the first stock piece 
averaging 93.8 +3.2/-3.6 HRB and the hardness values for the second stock 
piece averaging 94.6 +3.4/-3.8 HRB. However, as can be seen in Figure 4. 27, 
the .6 mm flank wear criteria tool life for identical inserts (run under identical 
parameters) was approximately 14 for the value for the second workpiece as it 
was for the first. In addition, the first stock workpiece has the typical three stages 
of flank wear reported by Kharis et al[13], and demonstrated in findings by Lin et 
al[45 and Jindal et al[5], with a sharper slope in the earliest portion of the tool life 
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Flank Wear vs. Time 
8 nm period TiAIN/CrN ML film run against two different as received 
ASTM A681A2 tool steel workpiece 
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Figure 4. 27 Tool performance of 8nm period insert vs. two separate work piece materials 
(running into wear), a decrease in slope during the largest portion of the wear life 
(semi-steady state wear), and a final sharp increase in slope before failure 
(catastrophic wear). It is clear that the tool wear against the 2nd workpiece shows 
little evidence of the second wear stage. Though the complete heat treatment 
history of the as received stock is unknown, evaluation of the microstructure of 
the 1st and 2nd workpiece, Figure 4. 28, reveals quantifiable differences. The 
Metals Handbook1531 suggests that the 2nd stock workpiece consists of carbide 
particles, both massive alloy carbide and fine spheroidal carbide, and a 
predominantly ferritic matrix. The 1st work piece maintains the massive alloy 
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Figure 4.28 Microstructure of workpiece 1 and 2 
carbide and fine spheroidal carbide and what could be a mixed martensitic and 
ferritic matrix. If the intent were for both pieces to be austenitized and oven 
cooled, the Metals Handbook1531 gives clues as to how the differences in the two 
workpieces could have occurred. It is possible that both pieces were 
austenitized, perhaps underheated due to the number of undissolved carbide 
particles, and then oven cooled. However, the first work piece was likely 
exposed to air before completely cooling; allowing the retained austenitic phase 
to turn to martensite. Regardless how the microstructures were developed, the 
differences exist. Lim et al[38] verified, in dry turning wear maps, that TiN coated 
high speed steel inserts had higher wear rates when run against as-received AISI 
4340 low alloy steel than AIS11045 plain carbon steel, especially at higher 
speeds and feeds. Lim et al.[381 surmised that even when the hardness of the two 
materials were the same, the 4340 steel wore more quickly due to elevated 
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temperature hardness and toughness due to the nickel, chromium and 
molybdenum alloys (and the corresponding change in microstructure) present in 
the 4340 steel. Lim et al.1381, however, did not ascertain the impact, or 
report/quantify the effect of the microstructure alone. It is clear, however, (in the 
current work) that even small changes in the microstructure can significantly 
impact the tool performance; even when compositions and hardness of the stock 
material are relatively the same. Though the mechanism was not evaluated in 
this study, PalDey et al[1] reports that abrasive wear of the flank face by hard 
carbide particles is commonly observed in the machining of steels, and as stated 
earlier, Kharis et al.f13] noted that, in all dry cutting speeds from 210 m/min to 410 
m/min, the initiation of wear begins with severe micro-abrasion. It is probable, 
therefore, that the increased carbide particles (both massive alloy carbide and 
fine spheroidal carbide) in the 2nd workpiece attributed to the increased wear rate 
of the second turning experiment, extending the first stage of wear and leading to 
premature coating failure. 
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CHAPTER V 
CONCLUSIONS AND FUTURE WORK 
5.1 CONCLUSIONS 
5.1.1 MORPHOLOGY AND STRUCTURE 
Multilayer TiAIN/CrN films were deposited, with periodicities of 2, 4, 8 and 
16 nm, in order to investigate the role of multilayer periodicity on surface 
morphology and texture. 
1. X-ray diffraction analysis confirmed the multilayer films had a fcc-
B1 structure. The Ti/AI ratio was near one, the Cr/(Ti+AI) ratio was 
approximately 1.8 for most films. The average superlattice parameter was 
approximately .4224 nm. 
2. The surface morphology of multilayer films was found to be dependent on 
periodicity. The lowest periodicity, 2nm, showed frequent sharp pyramidal 
surface features that are the large-scale (100-200nm) reflections of the 
atomic-level rocksalt B1-type structure. 
3. As the periodicity increased, secondary facets were observed, until a more 
rounded "cauliflower" surface morphology was observed in the 16 nm 
period sample. 
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4. Thin films of (TiAICr)N, TiAIN and CrN were also deposited for comparison 
purposes. However, the surface morphology in these films was generally 
different than that observed in the multilayer films - most notably; the 
sharp pyramidal structure was absent. 
5. Pole figures and Debye rings of the multilayer samples revealed texture 
dependence on multilayer periodicity. The [111] preferred texture begins 
perpendicular to the surface normal in the 2 nm sample and becomes 
decreasingly ordered with increasing multilayer period, while there is a 
prominent off axis [200] texture in the 2 nm substrate that progressively 
moves towards a perpendicular texture with the same relative increase in 
period. The TiAIN film showed a more random distribution of [200] poles. 
6. Texture results are consistent with morphology changes, identifying the 
pyramidal structure as [111] with [200] faces, with the more rounded 
surface morphology consistent with a [200] texture. 
7. Roughness was also found to be controlled by surface morphology, with a 
significant decrease in roughness with increasing period. This is also 
consistent with the decrease in pyramidal morphology and the resulting 
rounded cauliflower morphology present at higher period. The (TiAICr)N 
co-deposited films, as well as the constituent TiAIN and CrN films all had 
reduced roughness, with CrN recording the lowest roughness of all films 
deposited. 
8. Surface morphology and columnar grain structure reveal Zone T and Zone 
II extended zone model growth mechanisms in the multilayer films as 
proposed by Mahieu et al.[48l The pyramidal surface morphology of the 2 
nm sample was driven by overgrowth of faceted grains, while the 
cauliflower morphology of the 16 nm sample was more comparable to 
Zone II, where recrystallization and regrowth dominate. The minimization 
of interface energies is determined to be the causal factor in the transition 
of Zone T to Zone II in the increase of multilayer period. Large period 
samples have less multilayer interface energy densities and therefore 
impact the expected Zone II behavior at the current deposition 
temperatures and bias. 
5.1.2 OXIDATION 
Constant temperature in-air oxidation studies were performed in a hot wall 
reactor at of 650, 750, 850, 950 and 1050°C. XRD line profiles and SEM were 
used to evaluate the onset and extent of oxidation in 2, 4, 8 and 16 nm TiAIN/CrN 
multilayer films, the (TiAICr)N co-deposited film and the TiAIN and CrN 
constituent films. 
1. The presence of multilayer was found to retard oxidation to temperatures 
greater than the constituent films. However, little dependence in oxidation 
results was found with the variation of multilayer period. 
2. The (TiAICr)N film was able to delay oxidation to approximately the same 
temperatures as the multilayer periods. However, the extent of oxidation 
in the same time interval was greater, suggesting a higher rate of 
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oxidation. Similar oxide morphologies were found on the 4 and 16 nm 
multilayer periods as well as the (TiAICr)N films. 
3. The TiAIN oxide morphology was unique, presenting large oxide rosettes 
and surface cracking that allowed for the oxidation to occur through 
thickness. 
5.1.3 HARDNESS 
Hardness values for all coatings were initially generated with a CSM 
Instruments Ultra Nanoindentation Hardness Tester (UNHT) equipped with a 
Berkovich diamond nanoindenter. A loading rate of 30 mN/min and a maximum 
load of 15 mN was found necessary to reduce hardness data scatter and to get 
adequate mapping of the penetration depth to the applied normal load. 
1. Hardness was found to be a function of multilayer period, with increasing 
multilayer period corresponding to linear increase in hardness. 
2. A local hardness peak was found at 4 nm, consistent with other work. 
However, the hardness reading was within the standard deviation. 
3. Reported hardness values were V* to 1/3rd values reported on similar 
systems. These results were found to be due to increased chromium 
content in the current study, as well as possible substrate effects due to 
penetration depths on the order of 15 - 20% the total film thickness. 
These depths were necessary due to roughness of the film significantly 
impacting hardness data scatter and mapping of the penetration 
depth/load curve. 
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Knoop microhardness tests were taken to validate the impact of roughness 
and substrate effects on the previous nanoindentation testing. For these tests a 
Wilson's Instruments Series 400 KnoopA/ickers microhardness tester was used 
to take hardness readings on the thicker ~3 pm thick TiAIN/CrN films deposited 
on the WC-4wt% Co indexable carbide inserts in this study. 
1. Micro hardness tests showed a similar profile when compared to the 
nanoindentation with two significant differences: 
2. The average value for the 4, 8 and 16 nm films were on the order of 31 
GPa, which agreed well with the magnitude of values reported by Barshilia 
et al., Wadsworth et al. and Park et al. 
3. The 16 nm sample did not show the increased hardness values and 
confirmed that the impact of roughness and substrate effects on the 
nanoindentation measurements. 
5.1.4 TOOL LIFE TESTING - INSERT WEAR AND PERFORMANCE 
Tool performance was evaluated as a function of flank wear on WC-4wt% 
Co ISO SPGN 120308 carbide inserts, coated with approximately 3um thick 
TiAIN/CrN multilayer films consisting of 2, 4, 8 and 16 nm periods, and run dry at 
305 m/min against A2 tool steel per ASTM A681. 
1. Tooling performance was found to be a function of multilayer periodicity. 
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2. The three well documented stages of wear, running into wear, semi-
steady state or gradual wear, and catastrophic wear, were identified in 
most tooling experiments. 
3. A minimum coating period between 2 and 4 nm was found to be 
necessary for an effective coating to improve tool performance. 
4. In the early stages of wear, dominated by micro-abrasion, the multilayers 
were found to perform in a manner consistent with their multilayer period. 
5. At the .6 mm recommended flank wear criteria, a maximum tool life of 6.75 
minutes is recorded for the 4 nm period sample, the 8 and 16 nm 
multilayer periods achieve a maximum tool life of roughly 5 minutes, the 
(TiAICr)N coating lasts 4 minutes, while the 2 nm sample fails between 1.5 
and 1.75 minutes. These .6 mm wear criteria occurred in the steady state 
stage of wear portion of the curve, dominated by fatigue and spalling of 
the film. The overall longest period of tool wear is spent in this wear mode. 
6. The 4 nm multilayer period was found to outperform all other films at the .6 
mm criteria. This resulted from a reduced wear rate in the secondary tool 
wear zone; believed to result from an improved ability to retard cracking 
and spalling of the coating. This resulted from the existence of the 
multifaceted columnar structure present in the 4 nm sample while the 8 
and 16 nm had a more continuous matrix with macro particles on the 
surface. 
7. The presence of increased carbide particles in the workpiece was shown 
to significantly reduce tool life under these conditions. 
5.2 FUTURE WORK 
The following experiments would clarify the impact of multilayer periods on 
various findings. 
1. Other multilayer systems, beyond TiAIN/CrN, should be evaluated to 
determine if multilayer period has similar impact on tooling performance, 
oxidation, hardness, microstructure and morphology. 
2. The impact of lubrication on performance of TiAIN/CrN multilayer period 
could also be evaluated. It is possible that this may have no impact at the 
high speeds. 
3. The impact on tool life of TiAIN/CrN when run against other metals would 
be beneficial to evaluate. It is possible when run against metals with lower 
carbide particulates that the multilayer period may have even greater 
impact on performance. 
4. Intermittent tooling tests to evaluate the extent of the retardation of 
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